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Abstract
This study investigates visibility in a smoke laden environment. For many years, researchers 
and engineers in fire safety have criticized the inadequacy of existing theory in describing the 
effects such as colour, viewing angle, environmental lighting etc. on the visibility of an 
emergency sign. In the current study, the author has raised the fundamental question on the 
concept of visibility and how it should be measured in fire safety engineering and tried to 
address the problem by redefining visibility based on the perceived image of a target sign. New 
algorithms have been created during this study to utilise modern hardware and software 
technology in the simulation of human perceived image of object in both experiment and 
computer modelling. Unlike the traditional threshold of visual distance, visibility in the current 
study has been defined as a continuous function changing from clearly discemable to 
completely invisible. It allows the comparison of visibility under various conditions, not just 
limited to the threshold. Current experiment has revealed that different conditions may results in 
the same visual threshold but follow very different path on the way leading to the threshold. The 
new definition of visibility has made the quantification of visibility in the pre-threshold 
conditions possible. Such quantification can help to improve the performance of fire evacuation 
since most evacuees will experience the pre-threshold condition. With current measurement of 
visibility, all the influential factors such as colour, viewing angle etc. can be tested in 
experiment and simulated in numerical model.
Based on the newly introduced definition of visibility, a set of experiments have been carried 
output in a purposed built smoke tunnel. Digital camera images of various illuminated signs 
were taken under different illumination, colour and smoke conditions. Using an algorithm 
developed by the author in this study, the digital camera images were converted into simulated 
human perceived images. The visibility of a target sign is measured against the quality of its 
image acquired. Conclusions have been drawn by comparing visibility under different 
conditions. One of them is that signs illuminated with red and green lights have the similar 
visibility that is far better than that with blue light. It is the first time this seemingly obvious 
conclusion has been quantified.
In the simulation of visibility in participating media, the author has introduced an algorithm that 
combines irradiance catching in 3D space with Monte Carlo ray tracing. It can calculate the 
distribution of scattered radiation with good accuracy without the high cost typically related to
zonal method and the limitations in discrete ordinate method. The algorithm has been combined 
with a two pass solution method to produce high resolution images without introducing 
excessive number of rays from the light source. The convergence of the iterative solution 
procedure implemented has been theoretically proven. The accuracy of the model is 
demonstrated by comparing with the analytical solution of a point radiant source in 3D space. 
Further validation of the simulation model has been carried out by comparing the model 
prediction with the data from the smoke tunnel experiments.
The output of the simulation model has been presented in the form of an innovative floor map of 
visibility (FMV). It helps the fire safety designer to identify regions of poor visibility in a glance 
and will prove to be a very useful tool in performance based fire safety design.
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Chapter 1. Introduction
Fire is an inseparable part of human existence. However it is also merciless in rage. Fire safety 
probably has been an issue before we have learnt how to use it. Our animal instinct tells us to 
run away from it. Part of modem fire safety measure facilitates the escape from fire. Most fires 
are accompanied by smoke that can cover a much larger space than the flame itself. Helping 
people to find the direction and route for speedy evacuation before being burnt or poisoned is 
the first and most important life saving measure.
The current thesis reports the experimental and numerical modelling research by the author 
studying the visibility in a smoke laden environment.
1.1 Fire safety and visibility in smoke
In 2004, fire claimed 508 lives and 14,600 injuries in the UK alone. The direct cost on the 
economy of England and Wales is over £4.26bn, equivalent to approximately 0.47% of GVA 
(Gross Value Added) of the year (Office of the Deputy Preminister, UK, 2004). Similar or 
worse statistics can be seen in the United States, Japan (Sekizawa, 1994) and China (Weicheng 
& Li, 1994). In the developed world, every year fire causes 15 fatalities per million populations 
on average. Considerable research and engineering efforts have been made in fire protection and 
prevention. In domestic fire, the population of fire detector among domestic home has 
significantly reduced casualties in the United States (Sekizawa, 1994). Fires in public buildings 
such as stations, hospitals, shopping malls, dancing halls and road tunnels do not occur as often 
as in domestic dwellings but the consequence can be much more devastating. The most recent 
incident was the Perm nightclub fire in Russia. 112 people were reported dead and more than 
120 others wounded (BBC News, 07/12/2009). In 2000, 155 people were killed in the tragic 
Alpine Gletscherbahn 2 tunnel fire in Kaprun, Austria (Beard & Carvel, 2005). In November 
1987, the fire in King's Cross St. Pancras station, London, killed 31 people and injured more 
than 60. The causes of the fires are accidental and some of them such as the fire of World Trade 
Center on 9/11 of 2001 are unforeseeable, but good safety design can still reduce the number of 
casualties.
There are four kind of risk imposed by fire and may lead to casualty:
  exposure to heat either radiant or/and convective,
  inhalation of toxic gases,
  oxygen depletion,
  exposure to sensory/upper respiratory irritants, and
  visual obscuration due to smoke.
Although the last 2 factors may not directly contribute to injury and fatality, they can 
significantly delay evacuation and increase the risk of casualty from heat and toxic gases. The 
ultimate goal of fire safety design is to minimize people's contact with heat and smoke during 
evacuation.
There are two different ways to achieve such goal. One is reducing the intensity of heat and the 
concentration of smoke via effective ventilation of the building. Large amount of money has 
been invested into the emergency ventilation system of modern buildings, passenger carries and 
underground structures. The other way is to reduce the duration of egress so that people would 
have left the fire affected region before the environment in it becomes untenable.
Starting from 1970's, fire safety regulation has gradually changed from the traditional 
prescriptive regulatory approach towards performance based approach. The prescriptive 
approach is based on prescribing unambiguous requirements that are assumed to achieve the 
implicit, often unstated, safety objectives. Design engineers have found them clear and simple 
to implement but also restrictive and constantly out of date facing the fast advance of 
technology and increasing complexity of building design. It often results in excessive 
conservatism and limits the application of more innovative fire engineering technology.
The performance based approach requires the demonstration of a proposed design to meet the 
defined objectives but does not prescribe the solution therefore it promotes design innovation. 
The designer is free to implement the most cost effective, state of the art design technique. A 
comprehensive performance based approach necessitates the ability to translate the objectives 
into quantifiable parameters, to set limits for these parameters and validate its compliance with 
the required performance. It normally comprises three separate components (Beck, 1997):
  Codes, which specify societal goal, functional objectives and performance 
requirements to reflect society's expectations for the level of health and safety 
provided in buildings; for example, items such as acceptable access, egress, 
ventilation, fire protection, electrical services and so on. Such codes do not specify 
how the requirements would be met.
  Guidelines that are spate documents, adopted by reference, that describes accepted 
methodologies for complying with the requirements of the codes.
  Evaluation and design tools, which provide accepted methods to assist in the 
development, review and verification of designs in accordance with engineering 
standards and guidelines.
An important measure of fire safety performance is the comparison between the required safe 
escape time (RSET) and the available safe escape time (ASET). RSET is the time required for 
occupants to travel from their location at the time of ignition to a place of safe refuge 1 . As 
occupants are exposed to heat and fire effluent, their escape behavior, movement speed, and 
choice of exit route are also affected, reducing the efficiency of their actions and delaying their 
escape.
Figure 1-1 Flashover of fire (Vincent, 2009)
ASET is the interval between the time of ignition and the time after which conditions become 
untenable, after that the building occupants can no longer take effective action to accomplish 
their own escape (ISO, 2007). ASET may be treated as a time limit for survivability.
1 In the opinion of the author, RSET should be counted from the time when the fire alarm is raised. The 
exact time when fire starts is not easy to estimate. The time between the start of fire and the triggering of 
alarm can vary considerably. Secondly, the majority of building occupants only react to fire alarm.
In a large building fire, flashover occurs when fire grows from its ignition point to engulfing the 
surrounding parts of the building as shown in Figure 1-1. Figure 1-2 shows the point of 
flashover on a typical temperature curve of an apartment fire (Walton & Thomas, 2008). 
Flashover represents the rapid increase of temperature, total heat release and mass of smoke. In 
fire fighting, flashover is regarded as a point of no return. After this point, the possibility of 
finding any survivor, including professional fire fighter who is still trapped in fire, would be 
very small (Vincent, 2009). Flashover is a very important factor in determining ASET. In the 
case of King's Cross underground fire in London, a few people who were still in the ticket hall 
at the time of flashover survived. Those who did survive were seriously injured (Fennell, 1988).
Generally ASET depends on the fire size, type of fuel (the amount of smoke it can generate as 
well as its toxicity), the emergency ventilation system, building structure, local meteorological 
condition as well as the location of occupants related to the fire site. A safe design should 
ensure
RSET < ASET
with adequate margin for the occupants. In achieving this goal, various smoke management 
systems are designed to extend ASET. In the case of King's Cross underground fire, the time 
from the start of the fire to the point of flashover was about 18 minutes. It was not enough for 
the people who were perished by the fire in the ticket hall (Fennell, 1988). In other cases shown 
later in this section, at some level of smoke intensity, occupants can no longer discern signs and 
boundaries becoming unaware of their location relative to doors, walls, windows, etc., even if 
they are familiar with the premises. When this occurs, the occupants would be disoriented and 
unable to effect their own escape. The time at which this occurs represents the ASET due to 
smoke obscuration.
Flashover
Fully developed fire
Growth
Time-
Figure 1-2 Fire curve (SFPE, 2008)
For the RSET time line, the major contributor is the time required to travel through the escape 
route. It is a fact that in fires people remain for too long in the smoke and breathe in excessive 
dosages of CO because they cannot find their way out. The most important factors that make 
people turn back or give up trying to escape are poor visibility and irritation of the eyes by 
smoke. Tests of evacuations in smoke have demonstrated that the visual characteristics of 
wayfinding systems can be of decisive importance for their usefulness in smoke (Vincent, 2009).
The reduction of visibility is also a hazard that often first onsets after fire starts in an enclosed 
building or underground station. Disorientation may lead to prolonged period of staying in toxic 
environment or even fatality. Generally, if the visibility through smoke is good enough for 
people to see the emergency exits, toxic products are unlikely to prevent them from escape 
(Clark, 1988). Therefore any smoke management design should give visibility serious 
consideration.
In the early morning of 7th April 1990, a fire broke out on board of the Scandianvian Star and 
left 158 people died. The fire started on deck 3 (the car deck) of the 9 deck ferry. Within 5 
minutes, smoke had filled decks 3, 4 and 5. 148 people died from smoke inhalation. Despite of 
the fact that the fire occurred at 2:00am in the morning therefore the majority of the 148 people 
were dead in their own cabin during sleep, 49 died in corridors. Among them, 13 bodies were 
found near the dead end of a non-through corridor. The cause of their death is obviously the 
inability to find the right escape route. If adequate wayfinding system was provided, many lives 
could be saved (Robinson & Burgoyne, 1999).
The Daegu subway fire of February 18, 2003 in South Korea killed 198 people and injured at 
least 147. Many victims became disoriented in the dark, smoke-filled underground station and 
died of asphyxiation looking for exits. The interview and questionnaires to the survivors after 
the accident revealed that bad visibility due to smoke and the lack of egress guidance were the 
main obstacles of evacuation. Only 12% of the survivors evacuated through appropriate escape 
routes and exits (Jeon & Wonhwa, 2009).
Even in modern, well designed tunnel, the visibility of egress sign may not be as good as 
expected. During the evacuation of channel tunnel fire in 1996, passengers had difficulty 
finding the escape passage due to smoke (Kirkland, 2002).
Although in modern building design, efforts have been made to limit the spread of smoke and 
the escape route such as stair case is isolated from smoke whenever possible. In certain type of 
building structures such as tunnels, high risers and atria, the reduction in visibility is still a 
major hazard as it affects occupants who are not located in the immediate fire area but have to 
evacuate through the smoke affected area.
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The visibility of egress sign under smoke condition has been a research subject as early as 1951 
(Rasbash, 1951). A wide range of acceptable levels of visibility has been suggested in the fire 
protection literature. According to the research, being able to see a distance of 3-5m for the 
occupants familiar with a building layout may be sufficient to evacuate in fire emergency. For 
those less familiar with the building, a distance of up to 25m has been recommended (Lougheed, 
2000). The recent NFPA 130 standard requires that the smoke level of egress should be kept 
below the point at which a sign internally illuminated at 801x is discernible at 30m and doors 
and walls are discernible at 10m (NFPA 2007).
A key part in performance based safety design is performance verification. Experimentally 
verifying fire safety even at modest scale would be very expensive if possible. As building 
architecture and lighting becomes increasingly sophisticated, empirical and theoretical 
verification becomes very important and some time the only method in building design.
The most cited and also much criticized work in the estimation of visibility was by Jin (1978) 
who presented a simplified visibility calculation based on the conventional wayfinding systems 
with normal lighting environment. The correlation 4-1 has revealed the very basic relationship 
between smoke concentration and the visibility of an illuminated sign according to Lambert- 
Beer's law and used as the base for current design code. Jin has also found that smoke irritation 
will significantly impair the capability of human objects to find a target sign as shown in Figure 
4-5. Further details of Jin's work can be found in Chapter 4 of the current thesis.
The simplicity of Jin's theory and the lack of alternative have made it very popular in the fire 
safety community. Critics point to its failure in addressing the variety of illuminating conditions 
and viewing directions (HSE, UK, 1998). As the interior of buildings becomes architecturally 
more elaborate, such issues have caused concern. In order to compensate the deficit in the 
understanding of visibility in smoke, design engineers are taking conservative measures to 
ensure the visibility of signage along the egress passage even under the worst design scenario. 
Apart from reducing the distance between safety signs and using internally illuminated instead 
of simple reflect sign, more proactive measures such as flashing sign and photoluminescent 
wayguidance systems are also considered (Proulx, Kyle, & Creak, 2000). Such conservatism 
unavoidably results in high construction and operation cost. Certain system such as the handrail 
is not suitable for buildings such as departmental store, supermarket, atria and stations. In these 
areas, safety signs often have to compete with other commercial or non-commercial signs. Even 
under normal condition, finding the exit sign in a multistory departmental store often requires 
some effort. Other technology, such as the sprinkler system for fire extinction, may complicate 
the visibility issue either during evacuation or for fire service to access the fire site. Such 
complication is beyond the capability of existing analysis.
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The current study is an effort to address such issues. Combining results from other related 
research area such as the simulation of smoke movement and human behavior under smoke 
condition, it can provide more accurate ASET and RSET estimation for architectural and fire 
engineering communities. Experience has shown that very small improvements in visibility or 
reductions in smoke irritation can save many lives in fire situations (Vincent, 2009). It is also 
true that over conservative measures would significantly increase the cost of construction.
1.2 Visibility
The word visibility literally means the ability to be seen or the distance that is possible to see 
(something) (Microsoft Encarta). The later explanation is widely adopted in the meteorology 
and aviation industry. There, the meteorologist chose a number of distances, and limited himself 
to observing and reporting whether features of the landscape at these distances could or could 
not be distinguished. The "features" which are to be distinguished have to be such that they are 
visible in a clear atmosphere and under normal daylight illumination. Whether an object can be 
distinguished or not is a matter of whether its outlines can be seen sufficiently clearly against its 
background. If the object is a tree the observer must be able to say that it is a tree and not a 
house. More scientific definition and measurement is given by Koschmieder's theory in 1924.
Figure 1-3
Koschmieder (Simpson, 1948) dealt with the simplest form of visual object, namely a perfectly 
black screen seen against the sky on the horizon. The natural light is scattered by the air 
molecules (Rayleigh scattering) and aerosol suspended in air. Some of the scattered light 
reaches the eye of the observer and appears to come from the screen so giving it an apparent 
surface brightness. This brightness depends on the amount of light scattering between the eye 
and the screen. In Figure 1-3, it is the total scattering along line sa toward the eye. As line sa is 
interrupted by the screen, assuming air distribution is homogeneous, the total amount of light
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scattering increases with the length of sa . In Figure 1-3, light scattered along line sb also reaches 
the eye. As line Sb extends to infinite therefore the scattered light from the direction of sb 
appears to be constant and brighter than that from the direction of sa . As the screen recedes from 
the eye, the difference between the scattered light from the direction of sa and that from Sb 
decreases and eventually becomes unrecognisable. To the observer, the screen has disappeared. 
The threshold value of sa , at which the screen disappears, has been defined as the local visibility 
of air.
Let ii and / be the apparent brightness (in cd/m2, candela per square meter) of the sky and screen 
respectively1 , then as the screen recedes // will remain constant and / will increase; the contrast 
between them is defined as
1-1
It is a physiological law that the eye ceases to recognise this contrast when it falls below a small 
value s, called the threshold of contrast. At this point the screen becomes indistinguishable from 
the sky and the visibility range is reached. Koschmieder assumed that the value of e is a 
constant of 0.02. Substituting s in the place of the ratio for light intensity in Lambert-Beer law
s =  - e-m 1-2 
'o
Then the visibility, in terms of visible distance, can be defined as
3.91x -   1-3
(7
where a is the extinction coefficient of air in the atmosphere. This formula is widely adopted 
in meteorology till today (Werner, Jurgen, Leike, & Munkel, 2005).
In fire safety, Jin (1978) has proposed a formula for visibility in smoke as
x = — ln|  — I 1-4 
a
1 Here the apparent brightness of the surface is not due to the reflectance of the surface but the scattering 
of air including aerosol.
8
where / is the luminance of the sign being tested and /'0 is the average luminance of the
environment, p is the albedo of smoke and e is the contrast threshold. Expression 1-4 is based on 
1-2. Isotropic and homogeneous environmental lighting has been added into 1-4. When s=0.02, 
replacing smoke with air and the tested sign with a black screen, equation 1-4 becomes equation 
1-3.
1.3 The issues of visibility in fire emergency
hi fire emergency, the current design code such as NFPA 130 (NFPA, 2007) sets the ASET 
visibility criteria according to Jin's threshold. Such criteria ensure reasonable visual distance in 
the egress path during evacuation. What Jin's theory and any of the existing design guidance 
can't provide is the way to improve the visibility of emergency sign before the smoke reaches 
its visual threshold. It is a condition that most evacuee experience and therefore determines the 
real evacuation time. The current study proposes an image based approach that is different from 
Jin's theory. It measures visibility not in terms visual threshold but a continuous function from 
clearly visible to completely disappeared from the observer. It can be used to compare the 
visibility of two different egress conditions even both are equal and non-critical according to 
Jin's theory.
The above NFPA code requires that during evacuation smoke obscuration levels should be 
continuously maintained below the point at which a sign internally illuminated at 801x is 
discernible at 30m and doors and walls are discernible at 10m. There is no clear explanation on 
what can be regarded as discernible, hi experiments, two visibility criteria have been referred to: 
detectability and readability (legibility). It was found that greater smoke density is required for 
detectability threshold than the readability threshold (Rea, Clark, & Ouellette, 1985). Such 
uncertainty prompted the current research on quantifying how discernible an object is under 
smoke condition.
As building interior comes in different forms and layout, fires may be due to different kind of 
fuel and smoke may move as the result of ventilation, weather, movement of equipment and 
people, computer simulation has been proven to be a powerful tool in the verification of modem 
safety. Widely used CAD tool can provide most architectural details. CFD simulation has been 
proven to be very useful in simulating smoke movement and heat transfer in fire. Computer 
simulation of visibility in fire is an area that requires more research. The prevailing models are 
based on Jin's theory that is a simple and effective approach for fire engineers in the past when 
they have to manually estimate visibility for relatively simple situation. The theory can't take 
complex environmental conditions into account. Unfortunately, some of the conditions such as
smoke variation in time and space as well as environmental lighting can have dominant effects 
on the visibility of emergency sign. In order to utilise the more detailed field data from CFD 
simulation, there are models based on local optical density (OD) (e.g. Gandhi, 1994; Hultquist, 
2000). As a local scalar, OD is effectively a different way of expressing the field of smoke 
concentration. The model failed to address visibility as an integral and directional issue that 
depends on the viewing direction, the context of the objective as well as the integral of the 
optical property of the media between the observer and the target object. The current study 
provides a more sophisticated model that assesses local visibility by taking the spatial/time 
distribution of media as well as the characteristics of the viewer and the objective into account 
in order to satisfy the requirements of modern performance based design.
1.4 Contribution of the current study
The current study is the first attempt to quantitatively predict visibility in a smoke laden 
environment based on comprehensive 3-D numerical model of radiation and digital image. Both 
theoretical and experimental researches have been carried out by the author in order to create 
and verify the numerical model. During the process, the author has made a number of 
contributions to the scientific development of this research area.
1.4.1 Introduction of image based measurement of visibility
In order to compare visibility under conditions other than the visual threshold, the measurement 
of visibility is redefined in the current study. In principle, the new measurement is based on 
human perceived image and closely linked to acuity. With this measurement the visibility of a 
target object becomes a continuous function from clearly disceraable till completely obscured 
by the media (the threshold). Such measurement has made it possible to compare the visibility 
under pre-threshold condition as well as to simulate visibility based on computer generated 
virtual images.
1.4.2 Development of image based simulation model for visibility
The image based measurement of visibility has naturally leads to the creation of a computer 
model on the same principle and serving the same purpose. Based on the transport theory of 
radiation, a new hybrid zonal and Monte Carlo ray tracing model has been introduced in the 
current study to simulate the visibility in a smoke laden enclosure with arbitrary 3D geometry. 
The new method has removed the costly computation of view factors in traditional zonal 
method and the unstructured cache of the Monte Carlo (photon-mapping) method. The 
distribution of smoke concentration can be read in as the result of CFD simulation and the 
simulation domain is divided into cubic cells that can be dynamically adapted to smoke 
concentration, cache of scattered radiance or any other field variables. Adaptive surface mesh
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has been applied in order to catch the details of surface geometry as well as the shadows of 
illumination. The results from the model simulation have been validated against experimental 
data and also verified with theoretical solution.
1.4.3 Novel structured irradiance caching for light scattering
A great difficulty in applying Monte Carlo ray tracing to radiation transfer in participating 
media is to organise the distribution of rays in space so that rapid changes of light scattering can 
be calculated accurately. Traditionally, all rays are issued from surfaces and their paths are 
impossible to be pre arranged due to multiple reflections on complex geometry surfaces as well 
as the random nature of the method itself. In many cases, it has unnecessarily increased the cost 
of simulation. The author has extended the traditional surface irradiance caching algorithm into 
3D space and new expression for irradiance cache has been proposed. Unlike the expression 
used in photon-mapping method (Jensen H. , 1996), the new expression addresses the issue of 
light scattering in continuous heterogeneous media. Similar to the zonal method, the volume 
irradiance is cached in the structured mesh. Combined with the dynamic mesh adaptation, the 
algorithm is capable of catching severe 3D heterogeneous scattering pattern through caching the 
scattered light and reissuing rays at the point of scattering.
1.4.4 Smoke tunnel experiments in determining the visibility of illuminated signs
Experiments have been carried out in a purpose built smoke tunnel. The visibility of illuminated 
signs in different legend formats was measured under various smoke, illuminating intensity and 
ambient light conditions. The result has been reported in the current thesis.
1.4.5 Estimation of visibility based on digital camera images
Although commercial digital cameras can produce high resolution and very realistic images, but 
are not very easy to be applied in scientific measurement. It is mainly due to the rapid 
development of the photo sensor technology and the commercial secrecy behind it. The result is 
the significant differences in sensor characteristics and data processing algorithm between 
manufactures. In the current study, an innovative numerical procedure has been created that 
post processes the image data from a camera and produces an approximation of the human 
perceived image. Such images are used in measuring the visibility of the target signs as well as 
in comparing the measurement with model prediction.
1.4.6 First quantitative conclusion that red and green signs are similar in visibility
The current experimental study has revealed that under the same conditions, the signs 
illuminated with red and green monochromatic light showed very similar visibility. Comparing 
with them, the visibility of the blue light is much poorer. It is the first time that such common 
and intuitive knowledge has been put in quantitative form. It has shown that the performance of
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the red emergency signs used in North America is, not only conventionally but also 
quantitatively, equivalent to the green ones used in Europe.
1.4.7 Introduction of visibility map
A floor map that shows the contours of visibility at a given height from the floor has been 
introduced. The map can be used to judge the visibility of a specific object, or the best visibility 
of multiple objects, from any point on the map. It can provide a safety overview for a given 
floor area of a building complementary to the smoke concentration contours.
1.4.8 Model for the extinction coefficient of combustion soot
Due to the change of laboratory condition, combustion smoke was replaced by non-combustion 
smoke in the experiment. By the time of the change, the study for the optical property of smoke 
soot was already carried out and important results have been obtained.
A comprehensive review of the past experimental work has put the non-comparable data 
scattered in reports from different research groups and over two decades of the last century (it 
seems to be the most important period in the experimental research on this subject) in a single, 
normalised graph. The graph clearly shows the common and important trend of light extinction 
verses particle size parameter, the different regimes of scattering as well as the validity range of 
existing models. Further theoretical research into multiple scattering by soot aggregates has lead 
the current author proposing an improved model for light extinction by soot aggregates. The 
model compares favourably with experimental data particularly within the particle size 
parameter range of 0.2-0.4 where multiple values of extinction efficiency exist for each particle 
size parameter but only a single value can be predicted with any of the existing models.
1.4.9 New practical zoom camera model
In order to generate photo realistic images from the current numerical model, a virtual zoom 
lens camera model has been created. It can simulate most of the important features of modern 
optical camera including zoom, focus, finite aperture, depth of field, lens efficiency as well as 
cos4Q effect without the knowledge of detailed camera structure.
Unlike most camera models used in computer graphic that post process images to fake camera 
effect, the current model is completely based on optics principles. All the synthetic images in 
this study are directly generated with the camera model.
1.5 Organisation of the thesis
The main body of the current thesis is divided into 3 parts. Part I introduces the basics of light 
transportation, perception as well as the optical properties of participating media. Part II
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describes how visibility has been measured in the current study and the experimental results. 
Numerical modelling of visibility in smoke and the comparison between the model prediction 
and the experimental data are presented in Part III.
Following this introduction, the relevant radiometry concepts, definitions and expressions will 
be briefly presented at the beginning of Chapter 2. Afterward the theory and previous research 
work on light transport in participating media are reviewed. The radiation transport equation 
(RTE) and its boundary conditions are presented forming the base of the subsequent numerical 
simulation on visibility. In the light of the deficiencies of the extinction models reviewed 
previously in this chapter, a new model of light extinction by fire smoke is proposed by the 
current author. It takes into account the effect of multiple scattering by the aggregate of soot 
particles. Chapter 3 introduces the basics of photometry and visibility. There the author points 
out the drawbacks of existing visibility definition and opens the discussion of how visibility 
should be defined in fire safety engineering.
Chapter 4 is a review on the previous research work of visibility in smoke. A summary of the 
influential factors for visibility in smoke, based on the reviewed researches, is given by the end 
of the chapter.
Chapter 5 introduces the current experimental study. Its objective, scope, limits as well as the 
basic components (except the camera) are presented in this chapter. The camera, its calibration 
and the creation of perceived image from the photographs taken with the camera are the subjects 
of Chapter 6.
The question of how to define visibility in fire smoke environment is revisited in Chapter 7. The 
image based definition of visibility and the way that it is measured in the current experiment are 
described there.
The results and findings from the current experiments are presented in Chapter 8. The 
experiments have been carried under different smoke, illumination, colour conditions with 
various different signs.
Chapter 9 starts Part III of the thesis with a review of existing literature on the solution of 
radiation transfer. Each solution technique is described in its own section and the relative merits 
and drawbacks are compared. From the understanding of the existing models and the special 
requirements of visibility simulation, the current author has proposed a new hybrid simulation 
algorithm based on irradiance caching in space and Monte Carlo ray tracing. The details of the 
model as well as other aspects of numerical simulation such as grid adaptation and two pass 
computing procedure employed in the model are presented in Chapter 10. Chapter 11 presents
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the verification of the numerical model against a simple theoretical case for radiation transfer. 
The predicted results are also compared with the measured visibility data given in Chapter 8.
Finally Chapter 12 concludes the current thesis. It summarises the major outcome of the current 
work and point out the needs of future research in this area.
This chapter is an introduction to the thesis. It has described the social implication of fire safety 
through real fire examples. The importance of improving visibility in smoke environment as a 
safety measure has been presented together with the basic concept and current status of research 
and engineering application. Then the contribution of the current author toward this topic has 
been summarised. By the end of the current chapter, a brief description of the structure of the 
thesis has also been given.
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Part I The Fundamentals
In the first part of the thesis, the physical and physiological concepts relevant to the 
transportation and human perception of light are introduced. These concepts are used in the 
experiment (Part II) and numerical simulation (Part III). Chapter 2 concerns the nature of light, 
its measurement and its interaction with surface as well as media. Chapter 3 describes the way 
light is perceived by human as brain stimuli. The combination of the physical and the 
physiology processes form the base of human visibility. Its concept and measurement are 
introduced in the later parts of this thesis.
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Chapter 2. Light transport in participating 
media
Light, or electromagnetic radiation in general, is a form of energy that exist in the forms of both 
particle and travelling wave. As particle, it holds energy in the multiple of basic unit travels 
alone a straight line in vacuum and interacts with specula surface elastically. As wave, light 
refracts when travels through media and shows different colour when its frequency changes. 
This chapter introduces the basic physics concerning the nature of light, its propagation in 
vacuum as well as its interaction with surface and media. As light is a kind of electromagnetic 
radiation and the current thesis only concerns with waves within the visible range, the words 
light and radiation are used interchangeably in this thesis.
2.1 The nature of light
As energy carrying particles, light travels across vacuum space in straight line and shows elastic 
bounce on specula surfaces. Its speed of travelling in vacuum is a constant of 299,792,458m/s. 
When light beam hits the interface of a vacuum and a medium or between two different media 
in a direction other than the normal of the interface, it changes its direction and speed. This 
phenomenon is called refraction. The travelling direction and speed of the light after the 
refraction depends on the refractive index of the medium n (n > 1). In vacuum, w=l.
As wave, the speed(c), frequency(v) and wavelength(X) of light satisfy the following relation
v = l 2-1
A
When light is travelling within a medium other than the vacuum, its speed is determined by
c =  2-2 
n
where c0 is the speed of light in vacuum. According to quantum mechanics, each light particle 
called photon carries with it an amount of energy
£ = hv 2-3
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where h = 6.626 x 10'24 ./ is Planck's constant. It can be seen that the higher the frequency of 
light, the higher the energy a photon possesses.
2.2 Basic radiometry concepts
Radiometry is the science of measuring electromagnetic radiation. In practice, the term is 
usually limited to the measurement of infrared, visible, and ultraviolet light (10"8m < X < 10"3m) 
using optical instruments. Like any other form of energy, radiant energy Q is measured in joules 
(J).
2.2.1 Spectral radiant energy
As has been said above, light is energy kept in the form of electromagnetic wave. Most natural 
light sources emit electromagnetic radiation over a spectrum instead of a single wavelength. 
Spectral radiant energy is the amount of radiant energy per unit wavelength interval at 
wavelength X. It is defined as:
In the current study, the unit would be kept as Jim. In practice, J/nanometer would be more 
common.
2.2.2 Radiant flux
Radiant flux is the time rate of radiant energy flow from a source of radiation. It has dimension 
of power and measured in watts (W) as
where t is time.
2.2.3 Radiant flux density
The radiant flux density is defined at a point on a surface (real or imaginative) as
2_6
When surface A is illuminated by incident light, the radiant flux density is referred to as 
irradiance. If surface A is emitting/reflecting light, the total radiant flux density is referred to as 
radiant exitance or radiosity (Figure 2-1).
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Figure 2-1 Irradiance and radiosity
In the current study, a sign is assigned to <5 so that energy flux density has the opposite sign as 
the surface normal. Therefore radiosity is a negative flux density and irradiance is a positive 
flux density. More about the sign convention used in the current study can be seen in the next 
section.
Although the word radiosity is in fact obsolete, as it is linked to an important approximation 
method in radiative transfer therefore we retain it here for the time being.
2.2.4 Radiant intensity and radiosity
The amount of radiant flux emitted in a given direction can be represented by a ray of light 
contained in an infinitesimal solid angle d(o. The radiant intensity within the solid angle can be 
defined as
da>
The relation between irradiance and radiant intensity is
 E =
2-7
,- -v =  cos<9 =  r (» -co)
r da> r r 2-8
n
Figure 2-2
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It is the inverse square law of a point source, ft) is a unit vector in the direction of the incident 
light and n is the surface normal. The introduction of vector notation is to identify the direction 
of energy flux (incident or exitance). The negative sign in equation 2-8 sets the energy flow of 
the incident light on a surface as positive. This convention is inherited from radiative heat 
transfer (a positive radiant flux heats up the surface) and will be used throughout this thesis.
2.2.5 Radiance
Radiance is concerned with the radiant power within an infinitesimal solid angle arriving 
(leaving) a point on a surface (real or imaginative). It is defined as
L = — dl
da> -dA 5)-dA
2-9
dco and dA are defined in Figure 2-3. d(b = G)d(D. For illumination, radiance is the radiant 
power arriving (leaving) the unit projected area through unit solid angle. Again, the negative 
sign sets the incident radiance as positive.
dco d co
dA dA
Arriving
Figure 2-3 Surface radiance
leaving
hi section 2.6 it can be seen that radiance is invariant along a fixed direction in vacuum (Modest, 
2003).
hi radiative heat transfer, radiance L is often called intensity (Modest, 2003). Here we follow the 
convention of radiometry in the lighting industry (Ashdown, 1994).
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2.2.6 The spectra dependence of radiometry quantities
As mentioned in 2.1, radiant energy is carried by waves over a spectrum. Sometimes it is 
important to know not only the total radiant energy being transferred but the spectra distribution 
of the energy. Following spectra radiant energy defined by equation 2-4, the spectra counter 
parts of the above quantifies in the current section can be defined as
dA 2-10 
where tj) represents E, M, L or /. A, represents the wavelength.
2.3 Electromagnetic wave and Maxwell's equation
In the last section the basic concepts and quantities in radiometry have been introduced. The 
space between reflective surfaces is in vacuum. In this section, attention is turned to light 
transport within a medium. Light travelling in media may loss its energy on the way through 
scattering and absorption. The theory governing such phenomena is well understood in physical 
optics and presented here to guide the experimental and simulation work in later chapters.
In 1865 Maxwell published his famous set of equations which formalized the results of the 
accumulated research on electromagnetism. Electromagnetic phenomena had been recognized 
as originating in a distribution of electric charge and current which gives rise to the
electromagnetic field. This field in turn is the domain of four field vectors, E, the electric field,
D, the dielectric displacement, B , the magnetic field and H, the magnetic field intensity. At 
every point in space where the physical properties are continuous in its neighbourhood, the field 
vectors satisfy Maxwell's equations (Kerker, 1969):
ot
where p is the free charge density. These equations are supplemented by the material equations 
to uniquely determine the electromagnetic field.
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2-12
The factors a, E and n here (not anywhere else in this thesis) are the medium specific 
conductivity, the electric constant and the magnetic inductive capacity, respectively. When these 
factors are independent of direction, the medium is isotropic. If the factors are independent of 
spatial position, the medium is homogenous. For dielectric medium, a is zero. The velocity of 
light in the medium is given by
c — \ 2-13
2.4 Refractive index
H
Figure 2-4
For light transport in participating media (p=0), the most important property of a medium is its 
refractive index. Considering a plane, monochromatic wave, harmonic in time and propagating 
in an unbounded, isotropic, homogeneous medium in the positive z-direction of a Cartesian 
coordinate system (Figure 2-4), the general solution of Maxwell's equation for the jc-component
of the electric field E can be expressed as
Ex = Aexp[i(a>t - k0mz)] 2-14
where k0 is the propagation constant in vacuum related to the wavelength in vacuum /10 by
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2-15
The complex refractive index m of the medium is defined as
m - k/kQ = w(l - IK)
The real refractive index n determines the propagating speed or wavelength of .E^
2-16
2-17
In SnelFs law, n determines the refractive angle when light is passing the interface of two 
different media
sin fl 
sin 9
where the subscripts represent the two media (Figure 2-5).
interface
2-18
Figure 2-5 Snell's law
The complex part of the refractive index HK is the damping factor while K is called the index of 
absorption.
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2.5 Light extinction and Lambert-Beer's law
In electromagnetic theory, Poynting vector
2-19
specifies the energy flux at all points in space. Based on the plane wave analysis in the last 
section, the magnitude of S is in proportion to \E \ that is
' 2-20 
As the wave traverses the medium, the energy flux is exponentially attenuated:
L = L0e-*°** 2 _21
Here 2-20 has been written in terms of radiance and
*• 2-22
is the absorption coefficient. Expression 2-21 is known as Lambert-Beer's law. 
The more general differential form of Lambert-Beer's law is
dL — —aLdz 2-23 
When the medium is homogeneous, integration along a beam gives
J — T p'™i-, — LJQK 2-24
where a = aabs + crsca . Equation 2-20 is the result of infinite plan wave in homogeneous media
where the only loss would be absorption. The product of extinction coefficient a and distance z 
is called optical depth and denoted as r in the current thesis.
2.6 Radiative transfer equation (RTE)
From Maxwell's equations, radiant energy is transferred along the direction of the Poynting 
vector. In vacuum, if an infinitesimal solid angle da) is extended from a point source, then there
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would be no energy flux across the boundary of dco. In other words, energy flux within da> is a 
constant, say d<t>. Therefore d<&/d(O=comtant within dot.
dot,
Figure 2-6
hi Figure 2-6, the same area dA is placed at two places s, and s2 along the path of the light beam 
and the energy fluxes through it are
£/<!>, =
but within dco, we also have
= L,dAdct)2
Therefore
do>2 dco
A =L2 2-25
hi vacuum, along a light ray radiance is a constant. It is the basic property of radiometry for ray 
tracing algorithm in part III.
When participating medium exists between s/ and s?, radiance along a light ray would no longer 
be constant. The variation of radiance L along the path of ray s depends on the emission, 
absorption and scattering properties of the medium and can be expressed as (Modest, 2003)
dL 1
ds 2-26
where Lb A is the emission of the medium and Q is the entire 4n spherical solid angle, s is a unit
vector along the direction of propagation (energy flux). The last term ( <rsca ^ ^dco ) is
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the in-scattering from direction co. p is the phase function. Comparing with isotropic scattering, 
it can be seen that
Equation 2-26 is the basic equation to be solved in part III.
2-27
2.7 Boundary conditions and BRDF
When light encounters opaque surface or the interface between two different media, it may be 
reflected, refracted or absorbed, hi the current study, only the absorption and reflection types of 
boundary conditions will be encountered and discussed, hi such case the energy balance on the 
surface should be written as (Figure 2-7)
2-28
o,,
Figure 2-7 Surface reflection and absorption 
The subscripts represent incident, reflected and absorbed light respectively.
Exactly how the incoming energy is distributed between the reflection and absorption as well as 
what is the angular distribution of the reflected light depends on the property of the surface. The 
simplest model for energy distribution is to define reflectance erre/ and absorptivity aabs of the 
surface as
d>,
O;
,(*) = • A,abs 2-29
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From equation 2-28, the following identity is obvious
Aj = 2-30
The implicit assumption in the spectra form of 2-29 and 2-30 are that there is no change of 
wavelength during light reflection on the surface.
The spatial distribution of the reflected light is discussed in the section 2.7.2.
2.7.1 Surface absorption
As the current study is about light transmission among surfaces of an enclosure and the media 
within it, once the radiant energy has been transformed into a form other than visible light (heat 
for example), it is regarded as lost and will be taken out of the computational domain. This is 
what would happen with absorption, hi equation 2-28, <1> abs is treated as energy loss and 
deducted from the incident light.
2.7.2 Surface reflection
Although equation 2-28 addresses the overall radiant energy balance when light impinging a 
surface point, it cannot tell how light is reflected or, in other word, the spatial distribution of the 
reflected energy <1> .
Figure 2-8
hi Figure 2-8, the incident radiant energy within solid angle da>inc falling on surface point X is 
reflected. Part of the reflection is within the infinitesimal solid angle da>ref . The contribution of 
reflection in the direction a>ref from the incident light in direction (bjnc can be expressed as
2-31
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where f^ = F(/l,Jc,c>(nc ,6>re/ )is called Bidirectional Reflectance Distribution Function (BRDF). 
It is the basic optical property of an opaque surface. According to Kirchhoff s law, the BRDF 
/, is reciprocal, that is (Siegel & Howwell, 1992).
> 5>inc -> a>ref ) = /*(*> a>ref -> a)inc )
Determination of /j is generally very difficult in experiment due to the fact that it changes with
material, oxidisation, polish process and so on. In many practical applications, surface can be 
approximated as one of two kinds of ideal reflector: specular and Lambertian.
In specula reflection, the BRDF f^ is defined as
nc • n + a>ref  ») 2.32
where 8 is Dirac delta function and F(A, x) < 1. The reflection forms the image of the incident
light. Surfaces of polished metal, plain mirror as well as large crystal are good examples of 
specula reflector.
At the other end, the Lambertian surface is assumed to be perfectly diffusive therefore f^ is 
independent of direction cbref . On an infinitesimal non-absorptive surface area dA, the reflected 
radiance can be expressed with the incident energy flux as
2-33
r -'* - 
ref ~ n ~ n dA
where the minus sign is the result of the sign convention set in section 2.2.4. In the current study, 
the surfaces concerned are made from building material and unlikely to be machine polished 
therefore should be quite diffusive (Modest, 2003). As the light reaching the surfaces has passed 
smoke region, the angular distribution of the incident light would also be much more even than 
that directly from the light source. It effectively makes the overall reflection rather evenly 
distributed. From the above consideration all the surfaces in the current study are treated as 
Lambertian surfaces.
2.7.3 Light source
Any surface that emits radiant energy within the visible wavelength range is treated as a light 
source. At each point on the surface of the light source, radiance in the direction da) at the point 
is given asZ, The total radiant flux of the light source would be
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o =
A no 2-34
where L = L(A,x,a>)is known and Q is the hemisphere defined in the ^direction. As the 
simplest case, L is assumed to be a constant over the entire range of visible wavelength and 
independent of direction and position. Then
L = -^— 2-35
Here A is the surface area and A/I is the range of wavelength.
More often, light output are defined in terms of luminous flux instead of radiant flux O. For a 
given light source, the luminous flux<D> v is defined as the following (see section 3.3)
00 / \ 
<D V = 683 \\lLAyAdA(dco • dA) 2-36
Ano
where the subscript v is to identify a photometric variable from its radiometry counterpart and 
y\ is the luminosity function (see section 3.3). The unit for<I> v is lumen. In lighting industry,
the ratio between O v and the total input power P of the lighting device is defined as the 
luminous efficacy (Im/W)
<De =  *  2-37 
" P
By keeping all the assumptions of 2-35, the emitting radiance L of our simplest light model 
would be
L =  -— 2-38 
683M/L4
The value of efficacy for the common lighting devices can be found in Table 2-1 (Pritchard, 
1999).
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Light source Average efficacy (Im/W)
Low-pressure sodium lamp 
High-pressure sodium lamp 
Natural sun light 
White fluorescent tube 
Tungsten-halogen lamp
200
110
80
90
22
Table 2-1 The average efficacy of common lights
2.8 Light scattering by smoke particles
In the last two sections, the media and their properties such s, n, a and m were assumed 
continuous. In reality, most media consist of particles that are much larger than the molecules of 
the matter. The optical characteristics of such particles determine the overall light scattering and 
absorption of the media. The optical characteristics of individual particle can be investigated 
from the solution of the Maxwell's equation 2-11 around the particle when it is illuminated by 
monochromatic parallel plane wave, hi 1908, Gustav Mie obtained the solution in his effort to 
understand the varied colours in absorption and scattering exhibited by small colloidal particles 
of gold suspend in water. The theory is now commonly known as Mie theory. Details of the 
theory can be found in Kerker (1969), Bohren (1998) and Hulst (1981). An important 
contribution of the theory is the establishment of the dependency of extinction cross section on 
particle size, wave length and refractive index for a spherical particle.
For x r m - \\ < 1 (Jones, 1999)
m2 -l
m2 +2
+2
m2 -\ W+27m 2 +38 
2 +2 2m 2 +3
2-39
2-40
2-41
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where Im{} and Re{} represent the imaginary and real part of a complex function respectively. 
xp is called the size parameter of the particle defined as
i. 2-42
and dp is the size of the particle. Qs are the efficiencies of absorption, scattering and extinction 
defined as the ratios
Q = Cs™/
^sca / s
Q = CabJ
^abs / s 2-43
where Csca, Cabs and C^, are the scattering, absorption and extinction cross sections and 5 is the 
geometrical cross section of the particle.
The extinction coefficients are given by
°'= NC> 2-44
The subscript /' represents scattering, absorption and extinction respectively. N is the number of 
particles in a unit volume of the medium.
In combustion related studies, the mass specific extinction coefficient Gmass is more often 
quoted instead of a . The two are related by the smoke mass concentration psmoke as
i smoke 2-45
Numerous researchers have carried out experimental work on light extinction by soot of smoke. 
The results were presented in different ways, with different parameters, different fuel or in 
different range of wavelength. It was difficult to compare and draw general conclusion from 
them. The current author has collected them and put all the data that can be reliably expressed in 
the form of Qext=f(xp) into Figure 2-9. Alongside the experiment data (in symbols) are the 
predictions with various existing models (in lines). The two limiting refractive indices 
m=1.3+0.3i and m=2.0+1.5i are chosen from Table 2-3. On average m=l.57+0.56, for soot in 
the visible wavelength range, seems to be the most popularly quoted value in the more recent
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literature (e.g. Charalampopoulos 1987 1 , Dobbins 1990-1994, Wu 1997, Koylii 1994, Smyth 
1996).
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Particle size parameter xp
O Charalampopoulos (1987) x Charalampopoulos (1988)
A Chang H. & Charalampopoulos (1990) D Dobbins & MulHolland (1994)
* Koylu(1994) O WuJ.S(1997)
+ Krishnan (2000)    -Mie scattering m=1.3+0.3i
- - - - RDG-FA, Guinier regime m=1.57+0.56i         RDG-FA, Power-law m=l .57+0.56i
    Mie scattering m=2.0+l .5i
Figure 2-9 Extinction efficiency via size parameter
As can be seen in Figure 2-9, no single model presented there can cover the range of variation 
of the experimental data. The RDG-FA model as presented in section 2.8.3 puts soot scattering 
into 2 different regimes (Guinier and Power-law) according the size of soot particle aggregation 
and modelled each of them separately. The model has identified the two distinctive groups of 
the experimental data as shown in Figure 2-9 but failed to explain the significant overlapping of 
the two regimes between 0.2 and 0.4 of xp. The model also failed in predicting the wide slop 
change of the extinction curve in the infrared region (xp < 0.2).
1 Although Charalampopoulos quoted this value as from Dalzell & Sarofim, the value of k in the original 
paper by Dalzell & Sarofim (1969) was 0.44 - 0.53 for soot illuminated by visible light.
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2.8.1 Particle size distribution of smoke
For soot from fire smoke, m-\ is in the order of 1.0 (see next section), therefore the condition
xp m-\ < 2 requires that the particle size of smoke should not be much larger than the
wavelength of the incident light, Bankston has measured the size distributions of smoke under 
different combustion conditions and with different materials (Bankston, Zinn, Browner, & 
Powell, 1981). The results have been summarised by Mulholland in the SFPE handbook (SFPE, 
2008) as shown in Table 2-2 1 .
l.E+05
l.E+04
l.E+03
S i:E+02
l.E+01
l.E+00
0.01 0.1 1 
Diameter
10
Figure 2-10 Number size distribution of smoke particles (Mulholland, 2008)
In the current section, D has been used in the place of dp for clarity.
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Type
Douglas fir
Douglas fir
Polyvinylchloride
Polyvinylchloride
Polyurethane (flexible)
Polyurethane (flexible)
Polyurethane (rigid)
Polyurethane (rigid)
Polystyrene
Polystyrene
Polypropylene
Polypropylene
Polymethylmethacrylate
Polymethylmethacrylate
Cellulosic insulation
Dgn,
0.5- 
0.9
0.43
0.9-
1.4
0.4
0.8- 
1.8
0.3- 
1.2
0.5
2-3
D32
0.75- 
0.8
0.47- 
0.52
0.8- 
1.1
0.3- 
0.6
0.1- 
1.0
0.5- 
0.7
1.0
0.6
1.4
1.3
1.6
1.2
0.6
1.2
°g
2.0
2.4
1.8
2.2
1.8
2.3
1.9
1.9
1.9
2.4
Combustion 
condition
Pyrolysis
Flaming
Pyrolysis
Flaming
Pyrolysis
Flaming
Pyrolysis
Flaming
Pyrolysis
Flaming
Pyrolysis
Flaming
Pyrolysis
Pyrolysis
Smoldering
Reference
(Bankston, Zinn, Browner, & 
Powell, 1981), (Bankston, 
Cassanova, Powell, & Zinn, 1978)
(Bankston, Cassanova, Powell, & 
Zinn, 1978), (Bankston, Zinn, 
Browner, & Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Bankston, Zinn, Browner, & 
Powell, 1981)
(Mulholland & Ohlemiller, Aerosol 
Characterization of a Smoldering 
Source, 1981)
Table 2-2 Particle size of smoke from burning wood and plastics (Mulholland, 2008)
In Table 2-2, Dgm is the mass mean number diameter and D32 is the Sauter mean diameter of 
smoke defined as
2-46
2-47
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where D is the particle size (diameter). m(D) and n(D) are the mass and number distribution of 
the particles. The geometric standard deviation ag is defined with the geometric mean number 
diameter D^ of the particles as
log(cr ) =
2-48
and
OD
log(Dgn ) = \DndD
2-49
Figure 2-10 shows a typical size distribution of the particles of smouldering smoke. It can be 
seen that the particle size is between 0.01 and 3.0um with the majority of particles having 
diameter less than l.Oum. The condition for Mie scattering requires that D < 0.2um for blue 
light and D < 0.5 urn for red light. This fact needs to be kept in mind when analysing light 
scattering by fire smoke with Mie theory.
No
1
2
3
4
5
6
7
8
9
10
11
12
Real part
1.56-4.8
1.9-2.1
1.2- 1.45
1.37-1.6
1.52-1.82
1.2-2.0
0.78-4.09
1.2-2.0
1.55-2.10
1.57
1.95-2.5
1.55-1.9
Imaginary part
0.44-3.82
0.4-0.8
0.1 -0.27
0.41-0.52
0.65-0.88
0.08-1.0
0.32-3.37
0.1 - 1.0
0.55- 1.0
0.56
0.45-0.51
0.55-0.8
Source
Dalzell(1969)
Lee & Tien (1981)
Batten (1985)
Charalampopoulos (1987)
Charalampopoulos (1988)
Habib&Vervisch(1988)
Chang & Charalampopoulos (1990)
Horvath(1993)
Dobbins (1991, 1994)
Wu(1997)
van-Hulle (2002)
Suo-Anttila (2005)
Table 2-3 Refractive indices found in literature
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2.8.2 Refractive index of soot
In applying Mie scattering theory, one needs to accurately estimate the value of the complex 
refractive index m. Numerous research activities have been taken around it. Table 2-3 gives 
some examples of the values cited by different researchers. For soot particles, the refractive 
index may be affected by factors such as soot temperature, the hydrogen to carbon (H/C) ratio 
of fuel, particle size distribution, the form of aggregation of particles and the wavelength of 
illuminating light. Among them, the influence of temperature has been found to be very weak 
(Stull & Plass, 1960). Charalampopoulos and Felske (1987) carried out in-situ measurement of 
m at different height of premixed methane/oxygen flame. With the geometric width of the 
particle distribution up to 1.24, no significant influence of particle size distribution on m has 
been observed. This may be due to two reasons. The first is that the measured refractive index 
of polydisperse particles was compared with that of a quasi-monodisperse particle set. The 
monodisperse particle diameter is assumed to be the most probable diameter of the 
corresponding polydisperse set and the geometric width was set to 1. Such comparison may not 
truly reflect the influence of particle size distribution on light scattering by soot particles. The 
other, may be more likely cause of the insensitivity of refractive index to the particle size 
distribution, is the aggregation of soot particles in smoke. As the small soot particles aggregate, 
the size of individual particle becomes less influential to the result of light scattering/absorption. 
The insensitivity of the refractive index on the size distribution of soot particles can also be 
found in the paper by Habib & Vervischi (1988).
Based on the Drude-Lorentz dispersion model, Dalzell & Sarofim (1969) argued that an 
increase in H/C in soot results in the decrease in the number of free electrons and a decrease in 
both the real and the imaginary part of m. Their experiment with acetylene (H/C=1/14.7) and 
propane (H/C= 1/4.6) has not shown significant difference to support such argument. More 
recent experiment by Wu (1997) has confirmed that within the visible wavelength range, 
refractive index does not vary significantly between different fuel types.
Outside the visible wavelength range Habib & Vervischi (1988) have found that with high H/C 
ratio (>0.2), the &-curve representing the imaginary part of the refractive index exhibits a slop 
change when A>1.0um. It has effectively provided support to Dalzell and Sarofim's argument.
The dependence of refractive index on wavelength is evident in both experiment and theoretical 
model as shown in Figure 2-11 where the lines represent the theoretical values from Drude- 
Lorentz dispersion model (Lee and Tien 1976) with different number density and damping 
constants (Zhang & Rubini, To be published in 2010). The solid lines are that for the real part of 
refractive index m and the dashed lines are that for the imaginary part of m. The symbols on the
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same graph are the experimental data by different research groups. Among them, the model 
from Dalzell (1969) has shown the best fit to the experimental data.
A Change 1990
 Dalzell 1969
  Stagg 1993
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Wavelength (|im)
Figure 2-11 Change of refractive index with wavelength
Data from Chang (1990) / 
Dalzell (1969) /
Figure 2-12 Change of extinction efficiency via size parameter
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Figure 2-12 shows the prediction of extinction efficiency from Mie theory with the refractive 
indices from Drude-Lorentz dispersion models. Again, Dalzell's model offers the best 
prediction.
2.8.3 Aggregation of soot particles
In combustion generated smoke, soot particles are rarely exist in isolation. They link together 
forming chain-like aggregation (Williams & Gritzo, 1998). A practical and common model, 
known as RDG (also called RDG-FA or RDG-PFA model) for light scattering by soot particle 
aggregation was proposed by Dobbins and Megaridis (1991). The soot aggregation had been 
modeled as porous sphere. According to Dobbins and Magridis, particle aggregation in soot 
only affects light scattering. When the size of the primary particle satisfies Rayleigh condition
xp « 1 andxp m - 1| « 1, the absorption efficiency of the smoke is the same as that for the 
prime particles
2-50
But the scattering efficiency needs to be modified by a factor Ya as
Q = -x4F(m)Y
*--sea / p \ J a
2-51
The values of Ya depends on the morphological regime of the aggregation. There are two 
regimes that have been identified according to the size of the aggregate relative to light
wavelength (Koylu & Faeth, 1994): the Guinier regime (K2 R 2 < 3/^/8) and the power-law
regime (K2 R 2g > 3D^/8). Here K = 27T/A, is the wave number of the incident light. Rg is the 
mean radius of gyration of the aggregates and Df is the fractal dimension of the aggregates. 
The corresponding Ya are
Y =,
2-52
= k, ° 12
(6-Df )(4-Df )
As can be seen in Figure 2-9, when xp is less than 0.2, most of the measured values are around 
the curve of Guinier regime. When xp is larger than 0.3, most of the measured values are close
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to the curve of power-law. As can be seen in the next section, the extinction efficiency between 
0.2 and 0.3 depends on the mean particle size.
2.8.4 Multiple scattering by soot particles
All theories being considered so far are based on the assumption that a single ray of incident 
light will at maximum hit one particle before disappearing from the domain. The particles are 
considered either in isolation staying far apart from each other or stick together to form a bigger 
separate entity (aggregate). Experiments have shown that soot particle aggregation results in 
clusters of non-coalescent particles close but still geometrically independent to each other (e.g. 
Koyltt 1995 and Williams 1998).
  exp. 38.2nm 
o exp. 55nm
 -pred. 38.2nm 
pred. 55nm
0.4 0.6 
Size parameter xp
Figure 2-13 Extinction efficiency of particles with different size
By performing multipole analysis of the scattered electric field from such particle cluster, 
Mackowski (1991, 1994 and 1995) has found that the conventional dipole approximation used 
in the RDG theory may result in error of more than 20% in the predicted absorption cross 
section for small xp . Under constant refractive index, Mackowski defined the ratio of absorption 
cross sections between that of a particle in an aggregate and that of an independent particle. He 
found that the ratio increases significantly as the number of particles in aggregate increases from 
1 to 20. Further increase of the number of particles in an aggregate, the ratio gradually turns to a 
constant (Mackowski 1991, 1994, 1995). Based on Mackowski's analysis, the current author 
has proposed a modifier to the particle extinction efficiency. The modifier is a logarithmic 
function of the number of particles in a soot aggregate np and expressed as
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2-53
where Qsca and Qabs are from Mie theory as defined by equation 2-39 and 2-41 respectively. In
the correction of scattering with the RDG model, only the Ya value for the Guinier regime is 
included. Figure 2-13 shows the comparison between the measured extinction efficiency (Chang 
& Charalampopoulos, 1990) and the prediction with equation 2-53.
The change of Q'al with different np is shown in Figure 2-14. It can be seen that the closest 
prediction is the one with np - 20. It is consistent with Mackowski's analysis.
• exp. 55nm 
pred. np=20
•• —pred. np=10
— -pred. np=30
0.0 0.2 0.4 0.6 
Size parameter xp
0.8 1.0
Figure 2-14 Change of extinction efficiency with number of particles in an aggregate
Further details of the new scattering model for soot aggregates can be found in the paper by 
Zhang and Rubini (To be published in 2010)
2.9 Summary
This chapter has presented the concepts and equations in classic optics that will be used in the 
rest of the thesis. The basic radiometry describes how light travels between surfaces over 
vacuum space. In media, light attenuates over distance according to Lambert-Beer's law. More 
details of light extinction by a small particle have been shown in the Mie theory as a solution of 
Maxwell's equation. The theory has revealed the dependence of light extinction on the 
wavelength.
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In soot of fire smoke, the aggregation of particles has changed its optical property differing from 
Mie theory. In the current study the author has carried out a comprehensive survey of previous 
research on light extinction by soot aggregation. The survey has revealed that the aggregation of 
soot particles not only alters the scattering but also absorption behaviour of smoke. This is 
contrary to the previous belief that particle aggregation only affects scattering and leaves 
absorption behaviour unchanged.
By modifying Mie extinction for both scattering and absorption, the current study has shown 
that the prediction of the extinction curve has been significantly improved and the power law 
regime introduced previously to fit the extinction curve for xp > 0.3 is no longer necessary.
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Chapter 3. Vision and photometry
Vision, also known as visual perception, is the ability to interpret information and surroundings 
from visible light reaching the eye. The last two chapters described the transmission of light in 
space and through media as well as its measurement. After light has reached human eyes, it is 
interpreted by the physiological vision system. Such interpretation is the subject of photometry 
(Mather, 2009).
3.1 Human eye
Posterior chamber
Zonular 
fibres
Retina..
Choroid 
Sclera
Cornea
Anterior chamber 
(aqueous humour)
Ciliary muscle
Suspensory 
ligament
—-Retinal 
blood vessels
Figure 3-1
Figure 3-1 (wikipedia/eye) is a schematic diagram of the human eye. The important parts here is 
the iris that adjust the amount of light allowed passing into the eye and the lens that focuses 
light passing it to form an image on the retina. The retina converts the image into brain stimuli. 
These components are analogy to the aperture, lens and sensor in a modern digital camera.
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There are mainly two types of photoreceptor cells on the retina, the rods and cones. Rods 
function mainly in dim light and provide black-and-white vision, while cones support daytime 
vision and the perception of colour.
3.2 Colour
In the spectrum of electromagnetic wave, only the range between 370nm 700nm would be 
visible by human eye. The stimulation of human eye by the light of different wavelength within 
the visible range produces the sense of colour. Light with different wavelength or different 
mixture of wavelengths produce different colour sense. It was suggested that human eye is 
capable of distinguishing about 10 million different colours (Hunt, 1992).
3.3 Colour sensibility of human eyes
The sensitivity of human eyes changes with different colour or the wavelength of light. It is the 
subject of photometry. The foundations of photometry were laid in 1729 by Pierre Bouguer. In 
his L'Essai d'Optique, Bouguer discussed photometric principles in terms of the convenient 
light source of his time: a wax candle. This became the basis of the point source concept in 
photometric theory (Hunt, 1992).
It should be kept in mind that photometry measures light in terms of both radiometry quantities 
and the sensitivity of human eyes. The difference between radiometric and photometric theory is 
in their units of measurement.
3.3.1 Luminous intensity
Today the international standard for luminous intensity is a theoretical point source that has a 
luminous intensity of one candela(cd). It emits monochromatic radiation with a frequency of 
540 x 10 12 Hertz (or approximately 555 nm, corresponding to the wavelength of maximum 
photopic luminous efficiency) and has a radiant intensity (in the direction of measurement) of 
1/683 watts per steradian. The relation of the spectral luminous intensity and the radiant 
intensity can be expressed as
^=683^7, 3-1
where the subscript v represents the photometrical counter part of radiometric variable. In 3-1, 
y^ is the luminosity function (luminous efficacy) defined in the CIE photometric curve (Figure
3-2). It provides the weighting factor needed to convert between radiometric and photometric 
measurements. Considering, for example, a monochromatic point source with a wavelength of
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510 nm and a radiant intensity of 1/683 watts per steradian, Figure 3-2 shows that the photopic 
luminous efficiency at 510nm is 0.503. The source therefore has a luminous intensity of 0.503 
candelas.
3.3.2 Luminous flux
Luminous flux is photometrically weighted radiant flux (power). Its unit of measurement is 
lumen (1m), defined as 1/683 watts of radiant power at a frequency of 540 x 10 12 Hertz. As with 
luminous intensity, the luminous flux of light with other wavelengths can be calculated using 
the CIE photometric curve. Similar to luminous density, the relation between luminous flux and 
radiant flux is
A point source having a uniform (isotropic) luminous intensity of one candela in all directions 
(i.e., a uniform intensity distribution) emits one lumen of luminous flux per unit solid angle 
(steradian).
3.3.3 Luminance
Luminance is photometrically weighted radiance. It is an approximate measure of how "bright" 
a surface appears when it is viewed from a given direction. The value of luminance is defined 
with luminosity function as
The unit of luminance is cd/m2.
The important point to remember is that in terms of visual perception, human eyes perceive 
luminance (Hunt, 1992).
3.3.4 Luminosity function
For a give light source, the luminous fluxO v is defined as the following
3-4
The subscript A indicates that both y and <!> are the functions of wavelength. Within narrow 
band, both y and <D can be determined experimentally therefore the value of the luminosity 
function^ can be calculated. Figure 3-2 shows the luminosity functions included in CIE 1924
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standard (Wyszecki & Stiles, 1982). The two curves are for photopic and scotopic vision' 
respectively. Since photopic vision represents visual sensitivity under normal lit condition, 
unless being mentioned specifically, the photopic curve would be referred as the luminosity 
function in the current study.
    photopic vision
    scotopic vision
Wave length (nm)
Figure 3-2 Luminosity function (Wyszecki & Stiles, 1982)
The standard luminosity function is normalized to a peak value of unity at 555nm. The unit of 
luminous flux ^is lumen. It is defined as unity for a radiant power <t> A of 1/683 watt at
wavelength of 555 nm, which is the peak of the luminosity curve 2 . It is the reason for the 
constant 683 in the equations of this section.
3.4 Contrast
Contrast is the difference in visual properties that makes an object distinguishable from other 
objects and the background, hi visual perception of the real world, contrast is determined by the
1 Photopic vision is the vision of the eye under well-lit conditions. In humans and many other animals, 
photopic vision allows color perception, mediated by the cone cells of the eye. Scotopic vision is the 
vision of the eye under low light conditions. Scotopic vision is produced exclusively through rod cells 
which are most sensitive to wavelengths of light around 498nm.
2 The real peak of the luminosity curve is at X=555.015nm and the value of the constant should be 
683.002.
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difference in the colour and brightness of the object and other objects within the same field of 
view. Because the human visual system is more sensitive to contrast than absolute luminance, 
we can perceive the world similarly regardless of the changes in illumination over the day or 
from place to place (Mather, 2009).
Various definitions of contrast are used in different situations. Here, luminance contrast is used 
as an example, but the formulas can also be applied to other physical quantities. In many cases, 
the definitions of contrast represent a ratio of the type
3-5
where ALV is the difference of luminance between the target sign and its background. Lv is a
nominal luminance. The rationale here is that a small difference would be negligible if the 
nominal luminance is high, while the same difference matters if the nominal luminance is low. 
The following are few common definitions of contrast based on 3-5.
3.4.1 Weber contrast
The Weber contrast is defined as
3-6
with L and Lb representing the luminance of the sign and the background respectively. The 
nominal luminance is the background luminance. Expression 3-6 is commonly used in cases 
where small features are present on a large uniform background, i.e. the average luminance is 
approximately equal to the background luminance. The typical application of 3-6 is in aviation 
as shown in sectionl.2.
3.4.2 Michelson contrast
The Michelson contrast is commonly used for patterns where both bright and dark features are 
equivalent and take up similar fractions of the area. The Michelson contrast is defined as
7. _ max min 
-i -7 
max min
with Lmax and Lmin representing the highest and lowest luminance. The nominal luminance is 
Anax + A  anc^ represents twice the average of the luminance. With image of digital camera, 
Anax and Anin mav ^e severely affected by noise and the result would be very unreliable.
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3.4.3 RMS contrast
The root-mean-square (rms) contrast is commonly used in image processing and defined as the 
standard deviation of pixel intensity (Peli, 1990):
3-8
where Ln is a factor that normalizes the maximum value of L/Ln to 1. N is the total number of 
pixels in the image, and L is the average luminance across the image. asld is the standard 
deviation of/,/.
3.5 Visibility
In section 1.2, it has been seen that visibility can be defined in terms of threshold visual distance. 
It is a meteorological definition used in homogeneous media and background lighting condition. 
The purpose of measuring visibility there is to know the maximum distance that a given object 
is still discernable by the observer. Such distance is a vital condition for aviation and shipping 
industry. In fire protection engineering, by adopting the above visibility definition from 
meteorology, design code such as NFPA 130 was able to establish visibility criteria that controls 
the minimum visual distance during fire evacuation that is a necessary safety condition. What 
needs to be mentioned is that in the case of fire emergency, visibility concerns the discernability 
of egress path under often heterogeneous smoke and lighting condition. Unlike in meteorology, 
as long as the target is identifiable, the distance between the evacuee and the target is unlikely to 
be an issue. It raises a question if the distance based definition of visibility is the best choice for 
fire protection engineers.
In defining visibility during emergency egress, consideration should also be given to the smoke 
condition before it reaches the visual distance threshold. Most evacuations in fact take place 
under such condition. The effectiveness of emergency signage under such condition will 
significantly affect the time of evacuation. Here the existing definition of visibility has shown 
its limitation in guiding fire safety engineers improve the efficiency of emergency egress. 
Conditions that have shown significant influence on the effectiveness of emergency signage 
such as colour, context and viewing angle (see Chapter 4) are not reflected in the existing 
definition and the measurement based on it.
The current study is the first attempt to address these issues and create the concept of visibility 
based on perceived image in smoke laden environment. Here the emphasis has been given to 
"discernability". In this thesis, visibility and "discernability" are synonymous. Since
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"discernability" is not in any English dictionary, therefore visibility will be used throughout this 
thesis although its meaning would be more authentic.
At this point, it has to be said that the current author has no intention to provide a general 
definition of visibility in the current thesis. However a definition that suites the fire protection 
engineering is considered necessary and therefore given as the following:
Visibility is the human imaginary perception of a given target.
In this definition, emphasis has been laid on the target and its perception since the objective of 
the study is to understand the human interpretation of a particular object that has been visually 
accessed.
In terms of measuring visibility, the following consideration has been given in the current study:
  The higher of the contrast between the target and the rest of the image, the better of the 
visibility of the target.
  A brighter image would provide better visibility than a darker image.
The first point may be easier to be accepted since it is consistent with existing measures of 
visibility such as that given by equation 1-3 and equation 1-4. The second point may attract 
argument as some existing researchers point out that visibility does not depend on light intensity 
(Schooley & Reagan, 1980) although our common sense tell us otherwise. In the experiment by 
Collins, Dahir and Madrzykowski (1992), it was found that signs with highter luminance were 
more visible through smoke. Similar results have been observed by Ouellette(1988) and 
Ouellette has recommended to remove the limitation on maximum sign luminance from BS2560.
For image based visibility, the above considerations can be expressed as
Vx = F(contrast,brightness,colour) 3-9
where function F depends on how the image has been created and will be defined in the 
following chapters for photographic and synthetic images respectively.
3.6 Summary
The important aspects of human vision and basic photometry concepts have been presented in 
this chapter. Among them the luminant efficacy, or photometric function would be the most 
relevant function to the current study. It has revealed the way that human eye responses to the 
stimulation of light with different colour. With the help of this function, it has been possible to
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mathematically convert a physical image received by the eye into an image that is perceived by 
the brain. Human visibility can be simulated by interpreting such image. It is called the image 
based visibility in the current study. Comparing with the prevailing concept of visibility, the 
new concept is more close to the common understanding of the word itself. In quantifying 
visibility so defined, the following steps should be followed:
1. Acquisition of physical image (photographic or synthetic).
2. Conversion of the image into human perception (vision).
3. Defining measure to interprete the vision.
The rest of this thesis is concerned with how to realise these steps in experiment as well as in 
numerical simulation.
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Part II Experimental study of
visibility in smoke tunnel
This part of the thesis describes the experimental work carried out in a tunnel filled with misty 
smoke. Various illuminated signs are tested and digital photographs are taken under different 
smoke, luminance and colour conditions. The experimental procedure demonstrates how to 
measure visibility from digital photographs. The results of the experiment lead to some useful 
and interesting conclusions.
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Chapter 4. Previous research work
In the second half of the last century, numerous researches in the visibility of emergency exit 
sign have led to significant improvement on the safety standards in this area. Such research 
work has been reviewed in this chapter and some requirements for further study have also been 
pointed out.
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Figure 4-1 The effect of reflectance (HSE, UK, 1998)
Early experiment on the visibility of exit sign in smoke was in 1969 by Jin (HSE, UK, 1998). 
He studied externally illuminated reflective sign with different reflectance (defined as 
radiosity/irradiance, see section 2.2.3) on a black background. The circular placards were 
viewed through a window from 5.5m, 10.5m and 15.5m and the diameter of the placard was 
changed to 50mm, 100mm and 150mm respectively. Three different placards were tested with 
reflectance 0.6, 0.3 and 0.14 respectively. The chamber was illuminated by high-mounted 
fluorescent lamps providing ambient luminance of 601x. White smoke was generated by burning 
filter paper. The threshold optical density of the smoke was recorded as shown in Figure 4-1. 
The lines are the fitting curve. With the placards positioned at 10.5m from the viewer, the
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The effect of ambient lighting was also investigated by Jin in the same experiment. All the 
parameters were the same as in Figure 4-1 but the placards were back-illuminated by a projector 
that can change the luminance of the placards. The chamber was illuminated by high mounted 
florescent lamps providing luminance ranging from 21x to 1801x. Figure 4-3 shows the result 
viewed at 5.5m with 3 different ambient illuminations. In Figure 4-3, Ls is the luminance of the 
placard and La is the luminance of the ambient light.
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Figure 4-4 The effect of black and white smoke
It can be seen in Figure 4-3 that the threshold optical density increases with the luminance of the 
sign and decreases with that of the ambient light. Within the tested range, regardless the values 
of Ls and La, the visibility of the placard is uniquely determined by the ratio L/La . It has 
prompted Jin to use contrast as a measure of visibility (Jin T., 2008).
Later, Jin carried further study with black and white smoke. With the similar conditions as in 
the previous experiment, the reflectance of the placard was changed to 0.7, 0.26 and 0.13 under 
illumination of 401x. White smoke was generated by mouldering polystyrene burning at 500°C 
and black smoke was generated by flaming polystyrene burning at 750°C. Generally the 
threshold optical density in the white smoke (open symbols) was slightly smaller than that for 
black smoke (solid symbols) as shown in Figure 4-4 (HSE, UK, 1998) but the differences are 
insignificant. Therefore the results of white smoke are applicable to black smoke.
52
The effect of smoke irritancy on visibility was also investigated by Jin and Yamada (1985). 
They filled a 20m corridor with highly irritant white smoke produced by burning wood cribs 
and a less irritant black smoke from burning keroscene. The objects were asked to walk from 
one end of the corridor and read the FIRE EXIT sign at the other end. The locations at where the 
objects can read the sign were recorded as the obscuration thresholds. For the less irritant smoke, 
their data correlated according to
* == const. 4-1
where a is the extinction coefficient of the smoke and x is the maximum distance between the 
sign and location where the objects can read the sign. In irritant smoke, equation 4-1 can not 
hold and x was rapidly reduced when smoke density increases (see Figure 4-5). Jin and Yamada 
suggested that the irritating effect of thick smoke would reduce visibility beyond its physical 
opaqueness.
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Figure 4-5 The effect of irritant smoke (Jin and Yamada, 1985)
Collins and Lerner (1983) asked 42 people to evaluate 108 different symbols under various 
luminance conditions. Based on the experiment, they recommended the symbol showing a 
person and an open door to be considered for use in the United States (Figure 4-6). It has 
subsequently been adopted in NFPA 170 (NFPA, 1999).
Rea, Clark and Ouellette (1985) evaluated the visibility of thirteen exit signs using both 
photometric and psychophysical evaluation procedures. In their experiment, 16 volunteers made
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threshold observation of the exit signs in smoke. Two of the signs were self-illuminated, while 
the remaining eleven were illuminated with either fluorescent or incandescent bulbs. Cosmetic 
oil smoke was produced by a smoke generator. The effects of sign type, threshold visibility 
criterion and ambient illumination were tested for 52 different conditions. In terms of the 
threshold visibility criterion, two visibility criteria: detectability and readability, were used 
during the experiment. If a sign were judged to be either detectable or readable, smoke was 
added to the smoke chamber until the sign was obscured. The smoke density for which a sign 
was just below the threshold was taken as the critical smoke density. Ambient lighting in the 
chamber was provided by a pair of F40 cool white fluorescent lamps which provided the 
ambient luminance of 75 Ix at 1.5m above the floor. The luminance of the signs was also 
measured at several points on the sign face.
Figure 4-6 Emergency sign in NFPA 170
By analyzing the data obtained, Rea et al concluded that brighter signs were more visible in 
smoke. Greater brightness was required for readability than detectability. When ambient 
illumination was provided, sign visibility was reduced. Such effect is different for different type 
of signs. The presence of ambient illumination also increased the amount of sign luminance 
required to reach the readability threshold as compared with the detectability threshold. The 
authors suggested that scattered light from luminous (background) areas of a sign will reduce its 
readability more than its detectability. In addition, scattered light seemed to reduce the 
readability of low contrast signs more than high contrast signs, as well as the readability of 
smaller text. The red signs were slightly less affected by light scattering in the cosmetic oil 
smoke.
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People with abnormal colour vision performed significantly poorly in the experiment. While 
protans 1 found the signs with the highest luminance to be more visible, their critical smoke 
density was markedly lower than for colour-normal observers. Analysis of the data indicated 
that the reduction in luminous efficiency for red signs on dark backgrounds was about 20% for 
protans.
hi a subsequent study, Ouellette (1988) evaluated the visibility of 3 different illuminated exit 
signs. The main difference among the signs is the colour combination of their legend and 
background as shown in Table 4-1.
Sign type
A
B
C
Letters
Red transilluminated
Opaque
Red transilluminated
Background
Opaque
Red transilluminated
White transilluminated
Table 4-1
The experiment was conducted over a cylindrical smoke cavity of 1.52m in length and 0.813m 
in diameter. Ambient lighting inside the smoke cavity was provided by a single 10W 
incandescent lamp on the floor of the smoke cavity. 12 volunteers with normal eyesight age 
between 22 and 48 participated in the experiment. The participants were asked to report the 
threshold luminance under each designed experimental condition. Based on the data collected, 
Ouellette concluded that smoke concentration and ambient illumination strongly influence the 
visibility of the signs. On average, signs with white trasilluminated backgrounds required 
greater luminance than those with darker backgrounds. Although the 3 signs were very different 
in text/background combination, all of them were similar in terms of threshold luminance.
Collins, Dahir and Madrzykowski (1990, 1992) tested 12 different exit signs simutanously in 
smoke chamber of 9.14m x 18.9m. Real fire smoke was produced by a lOOkw diffusion flame 
propane burner. There were 21 adult observers age between 18 and 60 years with normal or 
corrected eye sight participated in the experiment. Ambient illumination of 5-101x was provided 
to simulate the emergency conditon. The participants observered the exit signs through a clear
1 There are three major classes of color deficiency - protanopia, deuteranopia, and tritanopia. Protan 
defects are characterized by loss or alteration in the long wavelength (red) photopigment; deutan defects 
are characterized by loss or alteration in the medium wavelength (green) photopigment; and tritan defects 
(very rare) are characterized by loss or alteration in the short wavelength (blue) photopigment (Hunt, 
1992).
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plexiglas window under both clear and smoke conditions. They were asked not only give rating 
to the visibility of each sign but also making spontaneous comments on their experiences. The 
comments indicated that red is the preferred the colour for the exit signs. It should be point out 
that the comments were made by the North Americans who were accustomed to red exit signs. 
It was also mentioned by the authors that all the red signs had somewhat higher luminance than 
the green signs. The authors concluded that overall sign luminance is a primary determinant of 
visibility with higher luminance being associated with greater visibility. Sign configuration is 
also an important contributor with stencil-faced signs - signs with illuminated letters and opaque 
backgrounds - being somewhat more visible than panel-faced signs.
Tuomisaari (1997) measured the luminance of electrical powered and photoluminescent signs 
from various distances and viewing angles under both clear and smoky conditions.
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Figure 4-7 The effect of view angle on visibility (Tuomisaari, 1997)
Figure 4-7 shows the change of relative luminance with the view angle. 60% of luminance drop 
occurred within the last 10 degree of view angle.
The previous research work has established the following facts:
1. In a non-irritant smoke environment, for people with normal eyesight, the threshold of 
optical depth is a constant.
2. Smoke irritancy significantly reduces the value of the above constant.
3. The present of ambient light can reduce the visibility of a sign.
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4. The angle of viewing can affect the visibility of a sign.
5. Visibility of sign can be reduced significantly among people with abnormal colour 
vision.
The opinions on the effect of the illumination or brightness of the sign are different among the 
researchers. The effect of sign colour is inconclusive. Tests have only been carried out in North 
America where people are used to see emergency signs in red. Even though, its effect seems to 
be less important.
It should be point out that all the previous researches are based on the threshold visual distance.
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Chapter 5. The current experiment
5.1 Objective of the experiment
The current experiment was setup to support the concept of image based visibility in smoke 
laden environment. The designed experimental procedure demonstrates how visibility can be 
quantitatively defined and measured with physical images in digital form. The measurement has 
been made under various smoke, luminance and colour conditions and the results were 
examined to see if it can improve our understanding of visibility in smoke. The experiment also 
provides the data in validating the computer simulation model given in the next part of the 
thesis.
5.2 The scope of the experiment
The current experiment has tested the following effects on the visibility of exit sign in smoke
  Smoke concentration
The smoke concentration various continuously in time but has been kept homogenous. 
The instantaneous value of smoke extinction coefficient was recorded at the same time 
when the photographic image was taken.
  Illumination of the exit sign
Each experiment has been repeated with 3 different level of power input of the 
illuminating light source for the exit signs.
  The colour of the illuminating light
Each experiment has also been repeated with 3 different colours: red, green and blue.
  The legend of the exit sign
Barcodes, text and standard emergency signs have been tested under different smoke, 
illumination and colour conditions.
5.3 Limitations of the experiment
1. No combustion generated smoke has been tested.
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2. Only smoke under homogenous condition has been tested.
3. All signs tested were internally illuminated. No reflective sign has been tested.
4. The dynamic range of digital camera output was limited to 16bit per colour channel. 
The maximum pixel value is 65504. Any value larger than that would be cut off. For 
certain light source output, it was necessary to keep the camera exposure short enough 
to avoid the overflow of pixel value.
5. The LED light source output is intermittent. It requires the camera exposure to be long 
enough in order to avoid the camera output from fluctuation. It requires the aperture of 
the camera to be controlled so that the result does not fluctuate and at same time the 
pixel values are within the dynamic range of the camera.
5.4 The smoke tunnel
A simple rectangular smoke tunnel shown was built to achieve the objective and cover the scope 
of the current experiment laid out in sections 5.1 and 5.2. The tunnel has been built with 
aluminium sheets bolted on aluminium frame. The internal dimension of the tunnel is 
1.0xl.0x4.0m3 so that the longitudinal distance is sufficient to give large optical depth of the 
smoke and the surface reflection of the aluminium sheets will not affect light scattering around 
the longitudinal centre line of the tunnel.
Stencil of sign
glass panel
camera
Reflective chamber
filter
photometer
Figure 5-1 The smoke tunnel
At the far end of the longitudinal centre line is the illuminated sign to be tested. The sign 
consists of a LED light source and a reflective chamber. The size of the reflective chamber was 
0.06x0.12x0.15m3 . In front of the chamber, there were two layers of sanded Perspex-sheet filter 
to make the luminance over the sign more uniform. The sign is a stencil mask attached to the
filter. The light source was mounted outside the tunnel and the light shining in the chamber
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through a circular window of 0.12m in diameter. Apart from the circular window and the 
surface of the filter, the rest area of the chamber was covered with aluminium foil. The foil was 
made uneven to further diffuse the light. The near end of the tunnel was sealed by glass panel 
and covered with non-transparent curtain. A small circular window having the same diameter as 
the camera lens has been opened on the curtain for the camera to see through. Due to the 
limitation of non-combustion smoke, the tunnel was filled with misty smoke produced with 
ACME HPLine smoke fluid from a Magnum KAM K.SM1100 smoke generator. It should be 
mentioned that although the experimental results with the misty smoke can serve the purpose of 
validating simulation model, it should not be expected to be the same as that of soot smoke. 
Figure 5-2 is a photo of the tunnel without the glass panel.
Figure 5-2 The smoke tunnel
The homogeneity of smoke field inside the tunnel has been achieved by fixing two ventilation 
fans at the bottom left and top right corners of the middle cross section of the tunnel and 
keeping the smoke well ventilated. The smoke tunnel was incompletely sealed so that the
60
average smoke concentration inside the tunnel decreased in a very slow pace that was 
measurable over tens of seconds.
5.5 The light sources
The light source of the sign is a 12W LED stage light with 16 red, 16 green and 16 blue LEDs. 
The power input of the light source can be set in 3 levels. Level 1 is the full power. Level 2 is 
about half of it and Level 3 is about a quarter. The light has been filtered through a number of 
white sanded Perspex-sheet filters to improve the uniformity of its output. Figure 5-3 shows the 
spectrum of the light source. Each curve in Figure 5-3 represents the spectrum of the light with 
only the LEDs of a single colour being switched on at full power (level 1). The peak values of 
red, green and blue light appear at wavelength 638, 523 and 463 run respectively. The ratio of 
the areas covered by each spectra curve is 0.23:0.3:0.47. Under clear condition the mixture of 
the 3 colour is pale white.
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Figure 5-3 Spectrum of the light source of sign
Since light from the LEDs has been filtered with Perspex of unknown optical property, the 
power output of the light source needs to be measured in order to set the boundary condition. It 
has been done with the photometer as shown in Figure 5-4. The photometer is located at 4.0 
meters at the near end of the empty tunnel without the sealing glass. The surface of the
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photometer is parallel to the surface of the sign. The line of sight between the photometer and 
the sign is perpendicular to both. The lens of the camera is put in front of the photometer. The 
setup is shown in Figure 6-1 (a). The round stencil sign used is also the same as in section 6.1. In 
total darkness the image of the light source can be focused on the photometer. The following 
assumptions were made in this measurement.
1. The dimension of the light source is small comparing with the distance between the 
light source and the camera lens. Therefore the solid angle extended by the surface of 
the lens and any point on the surface of the sign can be treated as a constant.
2. The light emission of the sign is constant over its surface.
From these two assumptions, the emission of the light source is related to the radiant power 
measured with the photometer by
where e is the light emission of the sign. clens is the efficiency of the lens. A is the area of the 
sign and A(Q is the solid angle defined by the area of the aperture Alem and the distance x
between the light source and the surface of the lens.
5-2
Colour
Power level 2
Power level 3
Red
0.65
0.31
Green
0.98
0.37
Table 5-1 Power emission of light sources (Watt/sr*m2)
The result of the measurement is given in Table 5-1. It should be aware that in Table 5-1 only 
the red and green light at power level 2 and 3 are measured in the experiment due to the 
limitation of the photometer power range (< 5OmWatt).
The ceiling lights are the similar LED stage light but the LED units are bigger and more 
powerful (16W). Its spectrum is shown in Figure 5-5. There are two peaks for each channel. A 
single filter has been applied to the ceiling lights in order to make its luminance more uniformly 
distributed. For each ceiling light, a window of 8x8cm2 is opened in the middle of the tunnel 
ceiling. The windows are located at 1.0m from each end of the tunnel (see Figure 5-6).
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Figure 5-4 Measuring output of light source
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Figure 5-5 Spectrum of ceiling light
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Figure 5-6 Top view of the smoke tunnel 
5.6 Measurement of optical depth 
As the smoke in the tunnel is homogeneous, it was convenient to measure the optical depth and 
used it as a parameter in comparing experimental data. A pair of red laser diode and photometer 
has been used to measure the optical depth defined as 
5-3 
where <l> is the power of laser beam read from the photometer and <IJ 0 is that before smoke was 
introduced into the tunnel. x is the distance from the laser to the photometer. Lambert-Beer's 
law has been applied since the laser beam was only attenuated by the smoke. 
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Chapter 6. Image generation in the current
experiment
Digital camera is the most effective equipment to record, store and share images, hi the current 
study, it has been used just for such purpose. This chapter describes how a particular camera 
should be calibrated and the photographs are converted into the perceived images that are 
required for measuring visibility. It explains the principle and the procedure of the conversion. 
The final formulae and the constants might be different from one kind of camera to another.
6.1 Camera calibration
A digital camera is an array of photoelectric sensors. Each of the sensor measures light fallen on 
it and converts the radiant energy received into electronic signal to be stored as pixel values, hi 
most digital colour cameras, each pixel records light using 3 or more sensors. Each sensor 
measures light within certain range of wavelength, typically in red, green and blue colour band 
respectively. It is the so called RGB model. The general form of the model is given by (Fu, et al., 
2006)
6-1
where i is the pixel value in channel tj (t\=R, G or B), L(k) is the spectral distribution of
radiance from light source at wavelength 1, gis a geometrical factor. At is the camera exposure. 
F is the aperture, y/ is the intensity response function in channel r\ and sn(l) is the combined
spectral sensitivity of image-optics, colour-filter and the sensor in channel r\. Camera calibration 
is to determine i// and sn(l) for a particular camera, n,, in 6-1 is the dark noise in channel r\ and
can be determined by the photograph taken when the lens is covered. In the current study, it has 
been found that the maximum value of «, is less than 50 but the minimum visible pixel value is 
above 5000. Therefore «, has been ignored in the following discussion.
6.1.1 The camera
The camera used in this experiment is a commercial Canon EOS10D SLR camera with Canon 
EF 100-300mm zoom lens. The diameter of the lens is 58mm and the maximum aperture is
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1:5.6. There is a UV filter in front of the lens for protection. Table 6-1 gives the camera 
parameters used in the current experiment
Focal length
Aperture
Image size (output)
Image size (full)
100-300mm
5.6-22
3088 x 2056 (6.3million)
3152x2068
ISO
Sensor size
Sensor type
200
22.7mm x 15.1mm
CMOS
Table 6-1
The camera image was written in raw format (CRW format for the Canon 10E camera used here) 
and processed with the freeware image reader ImageJ.
6.1.2 Efficiency of the lens
The lens and the UV filter attached to it cause the attenuation of the incoming light. The loss is 
determined by the efficiency of the lens, hi the experiment, it has been measured with low 
power red laser (SmWatt, A.=653nm). At first, the intensity I0 of the laser was directly measured 
with the photometer. Then the same laser beam was shining through the lens and the photometer 
reading, say /, was taken on the other side of the lens. The efficiency of the lens is the ratio I/I0. 
The result has shown the value of 0.64. hi the current study, it was assumed that the efficiency 
of the lens is independent of wavelength and aperture.
6.1.3 Linearity of intensity response function i//
The parameter^ in expression 6-1 represents the response of camera to the change of light
intensity. It would be different for each colour channel, hi most applications, what is more 
important would be to know the linearity of ^ instead of its value. In other words, for a fixed
light source, the colour spectrum of the light is constant, therefore the sensor of a digital camera 
should respond linearly to the irradiance of light, hi the current experiment, it means
= const. 6-2
The normalisation factor has been merged into ^ . Keeping the spectrum constant can be
achieved in different ways with the LED light. One way is to change the number of LEDs. 
Assuming that all the LED bulbs are the same, changing the number of LED bulb will only 
change the total output intensity without altering the light spectrum. The LED light installed as 
the back light of the sign is capable of changing into 3 different levels by switching on/off some 
of the bulbs. Alternatively this can be achieved by adjusting the combination of aperture and
exposure of the camera. The irradiance on the sensor is in proportion toA?F~2 . Figure 6-1
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shows the setup of the experiment. In this setup, a circular sign of 0.09m in diameter was 
employed as in Figure 6-2.
0.045m
photometer
lens
3.94m
sign
diffusi
lij ht source
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0.045m
lens
3.94m
sign
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(b)
Figure 6-1 Camera calibration
Figure 6-2
hi Figure 6-1 (a), the camera lens is dismounted from the camera body and held against the sign 
at a distance of 3.94m. The photometer is positioned at the same location as the sensor of the 
camera (for Canon EOS10D, it is 0.045m from the mounting surface of the camera lens). With
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the maximum focal length of the zoom set to 300mm, the focused image of the target light 
source falls entirely within the sensor area of the photometer. The photometer records the total 
power of the incident light.
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Figure 6-3 Linear response of the camera sensor
In Figure 6-l(b), the body of the camera is reattached to the lens that is held at exactly the same 
position as in Figure 6-1 (a). A digital photograph of the same image is taken. The above
procedure was repeated with different power output of the light source and t±t¥~l values. 
Figure 6-3 shows the relation between the averaged pixel value and the corresponding 
photometer reading. The 3 lines represent the results with red, green and blue light respectively.
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Although the intensity response of the camera is linear, its response to the spectral change may 
not be so simple. In order to understand how the camera sensor responds to light of different 
colour, a monochromator is used as the light source.
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Figure 6-5 Camera calibration curves
The experimental setup is shown in Figure 6-4. A photometer is used to measure the intensity of 
the light from the slit of the monochromator. When it is positioned in front of the 
monochromator slit, it measures the output of the monochromator. Otherwise, it measures the 
background radiation. The converging lens converts the output light of the monochromator so 
that it would be parallel to the axis. The spectral range of the measurement covers the visible 
spectrum between 450-685nm. In order to measure st (A) , equation 6-1 is written over an 
incremental of wave length AXj as
6-3
In the current study, A\j is uniformly distributed as ^A=5nm over the entire measured spectrum. 
The camera ISO number, aperture and exposure are also kept constant as 200, F5.6 and l/15s 
respectively. Under such conditions, equation 6-3 can be written as
6-4
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Where O(/l) is the power measured by the photometer (minus background radiation) that is 
proportional to L(\). % is a constant for each channel. The subscript y is omitted.
Expression 6-4 means that for each camera, the difference of s (/I) obtained under different
measuring conditions is only the constant^ . Figure 6-5 shows the sn (A.) of the Canon 
EOS10D camera obtained in the current experiment.
6.2 Transformation from photograph to perceived image
In section 3.5, visibility has been defined as human imaginary perception. Its formation could be 
depicted as the (light source) - (objects) - (perceived image) process in Figure 6-6. The current 
study is an attempt to simulate such process and quantify the perceived image as brain stimuli. It 
would be a necessary step toward the prediction of decision making process in the simulation of 
human behaviour.
objects
light source
incident image
media
perceived 
image
camera 
image
Figure 6-6
The relation between the spectra luminance iA reached the eye and the spectra radiance of the 
light source Lx can be expressed as
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where FA represents the spectra conversion operator. In equation 6-5, F^ consists of two 
operators. The first operator Ymd A represents light transmission through media and the second 
operator Teye A generates the perceived image. The two operators are applied to light in the 
following sequence.
Al,i = ^rad,*\L)J (._&
and
where L^ ,. is the radiance of the incident light reaching the eye at wavelength 'k.
As shown in Figure 6-6, the first operator Trad A is a process that is determined by the
geometrical/physical conditions of the process regardless who is the observer of the target. 
However the second process is solely dependent on the observer or the receiver of the
transmitted light. In order to make quantitative assessment of visibility, T A is substituted by 
the operator representing a quantification device in the experiment. In the case of digital camera, 
the operator would be Fcamera< A and expression 6-7 would be
lc,i = *~ camera. J.\^JL,i) g_g
where ic A represents the pixel reading of the camera image. If the inverse operator of Tcamenii A 
exits and is denoted as c^amera, ^ then
., i = 1 camera, X ( lc, /I ) g Q
offers the opportunity to convert the camera image into a perceived image that can also be 
quantified if both Tj^,.^ and Teye ^ represent simple (monotonic) image mapping.
perceived 
image
camera image incident image
Figure 6-7
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Mathematically, the process in Figure 6-6 can be expressed as
h ~ *• eye, A V camera, A. ( lc, A.))
From the discussion in section 3.3, the spectra conversion T
h = >> A,,-'
6-10
L is the luminosity function yK .
6-11
In a real digital camera, the sensor receives the incident light through 3 colour channels. Each 
channel is sensitive to certain section of the spectrum. Figure 6-5 shows the sensitivity of each 
channel for the Canon EOS10D camera. Instead of i^ the image output of the sensor satisfies the 
following integration
->n 6-12
where the subscript t] represents one of the colour channels. Fcamerct A is the camera response
curves shown in Figure 6-5. There are as many conversion operators like 6-12 as the number of 
colour channels. In section 6.1.3, it has been experimentally proven that the relation between
oo
/c and \Li tdk is linear for the current camera. Therefore there is a constant \y that satisfy
o
the following equation
->n 6-13
If none of the conversion operator changes light spectrum, then
•-c,,
6-14
where c is a constant that does not change between the light source and the eye.
A constant of 683 has been omitted here.
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The approximation of the perceived luminance reached the eye within colour channel rj can be 
expressed as
6-15
For polychromatic light, the total perceived luminance would be
' 6-16
In 6-15, ^andcv ^can be determined by applying 6-13 and 6-14 to the light source and 
carrying out numerical integration. For the current light source and camera, cv and^ are 
given in Table 6-2.
cy,n
v.
Red
0.218
0.6
Green
0.744
0.75
Blue
0.1
0.5
Table 6-2
It should be mentioned that the value of y is not fixed but the ratio among all the channel is. 
Different sets of y/ corresponding to lights with the same spectrum but different intensity.
6.3 Summary
Since the response of a digital camera is different from that of human eye, a numerical 
procedure has been created to extract the perceived image from photograph taken with a digital 
camera. The procedure has been based on experimental data for camera calibration. Although 
the result is for Canon EOS10D, the procedure would be generally applicable to most 
commercial digital camera. The basic requirements are that the camera responds linearly to the 
change of light intensity and the spectra response function of the camera, sn (X) , is known. The
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accuracy of the procedure depends on the number of colour channels the camera has. At the 
moment, it is limited to 3 (the RGB model).
74
Chapter 7. Measurement of visibility in the
current experiment
7.1 Image contrast defined in the context of digital image
Unlike existing visibility measurement, such as that offered by Jin (1978), which relies on the 
geometry and physical boundary conditions of light transmission, the current study aims at 
establishing a visibility measurement that is based on the result image regardless how light has 
been transmitted into the receiver/image generator. Therefore it is important to build a 
procedure in quantifying the images acquired by the receiver, in most cases, the digital camera.
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Figure 7-1 RMS contrast for red square viewed through smoke
In processing an image, the first quantity encountered is its contrast. Among existing definitions 
of contrast as reviewed in section 3.4, the RMS contrast in section 3.4.3 is the only one that 
satisfies our requirement and therefore adopted in the current study. The radiance in expression 
3-8 is replaced with the pixel reading /. In the current study, Ln in 3-8 is taken as the mean pixel 
value plus a fraction of the standard deviation. In this way, the RMS contrast is expressed as
/L.=- (7,sld
7-1
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where a is a constant. As the first approach, its value is set to 0.5. For signage in fire safety 
engineering, it is not very interesting to study the case that imean is close to zero. Therefore a
good estimation of the statistic maximum of / would be in the order of (imean + 0.5crstd ). Figure 
7-1 shows the change ofhrms vs. optical depth r for a red square sign (Figure 7-2). It can be seen 
that hrms is linearly decreasing as r increases.
Figure 7-2 A square mask over the light source
According to Lambert-Beer's law, the average image intensity will decrease exponentially with 
T. If there is no scattered light reaching the image sensor (e.g. light extinction is purely the result 
of absorption), ostd should follow exactly the same exponential function as the average image 
intensity. In the current case, scattered light does exist and reaches the images sensor so that 
more blurred images are expected. In other words, astd decreases faster than the average value
of image intensity. It is indeed the case as shown by the fitted functions in Figure 7-3 and Figure
7-4.
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Figure 7-3 Standard deviation of image intensity
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Figure 7-4 Average value of image intensity
7.2 Visibility estimated from images
In section 3.5, it has been seen that visibility can be expressed in terms of a function of the 
characteristics of the image. Under the current experimental condition, the proposed function F 
in equation 3-9 for an individual colour channel is given as
7-2
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where $ is the normalised mean brightness (pixel value) of the image. For the images in the 
current study, the normalised form of <f> is
6"
where AZ) is the dynamic range of the camera. For most of the modern commercial digital 
camera, it is 65535 for each colour channel. tex is the camera exposure and/? is the aperture
area ratio of the camera. It is given by dividing the camera aperture stop a by a nominal aperture 
stop. In the current study it has been taken as the largest aperture f/5.6 (representing an aperture 
areaof2.254xlO'03m2). Therefore
-]'
.6J M
For images formed by mixed colour, visibility is defined the same way as that for a single 
colour channel.
In 7-5, \j/ and c are replaced by y and c • Both are the results of integrations over the entire 
spectrum of the light source.
7.3 Measurement of visibility in smoke tunnel
Various signs have been experimentally studied in the current experiment to evaluate the 
visibility of them under both clear and smoke conditions. Table 7-1 gives an approximated 
guidance on the relative importance of different factors that influence the visibility of a sign. 
Based on this guidance, the following parameters are chosen to be tested.
1 . Light intensity of the sign.
2. Optical depth r.
3. Colour of sign.
4. Ambient lighting.
5. The form of the sign:
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a. Thickness of sign strokes.
b. Stencil against translucent sign.
In most cases, the performances of the above parameters are expressed in V-t charts where V is 
the visibility defined in section 3.5 and i is the optical depth. Table 7-2 shows the test matrix.
Smoke 
properties
5
Sign 
luminance
4
Distance
4
Ambient 
light
3
Sign 
colour
3
Legend
2
Sign 
size
2
View 
angle
2
Stroke 
width
1
Table 7-1
Smoke
Ceiling light
Colour channel of 
sign
Intensity of 
sign(%)
Square sign
Circular sign
Exit sign
Bar code
2:1
1.5:1
1:1
0.5:1
Yes
No
R
25
X
X
X
X
50
X
X
X
X
100
X
X
X
X
X
X
X
G
25
X
X
X
X
50
X
X
X
X
100
X
X
X
X
X
X
X
b
25
X
X
X
X
50
X
X
X
X
100
X
X
X
X
X
X
X
Yes
R
25 50
X
X
100
X
X
X
g
25 50
X
X
100
X
X
b
25 50
X
X
100
X
X
Table 7-2
7.4 The experimental procedure
Each experiment session starts with the smoke tunnel free from any trace of smoke. The laser- 
photometer pair would be adjusted to get the maximum photometer reading at the given 
distance. The sensor of the photometer is fixed to the end panel of the tunnel and the laser is 
supported by a frame with very heavy base seating on the bottom of the tunnel. The 
arrangement is to ensure the stable reading of the photometer even under the influence of 
vibration caused by the smoke generator and ventilation fans.
After close the glass door, black sugar paper blind is used to seal the tunnel from any other light 
source. A circular window the same diameter as the camera lens is open to the camera. After
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switching on the light source of the sign, photo images of the sign under clear condition will be 
taken for comparison.
The smoke generator and the two ventilation fans are switched on and the runnel is gradually 
filled with smoke until the sign has completely disappeared then stop the smoke generator but 
leave the fans running. Wait for a short while (few seconds) so that the smoke concentration 
would become uniform. At this point, the laser is switched on and the first photometer reading 
is taken. Immediately after taking the photometer reading, switch off the laser and take the 
photograph of the sign. The procedure is repeated for every 10-20 seconds. At each incident, the 
laser beam must be switched off before the photograph is taken to ensure no light scattering 
from the laser beam interferes with the photographic image.
7.5 Summary
This chapter describes the details of the experiment procedure in the smoke tunnel. The 
examined parameters that are believed to be influential for the visibility of an illuminated sign 
have been listed in the form of test matrix. In section 3.5, the concept of image based visibility 
was explained and it has been said that its exact expression would be application specific. In this 
chapter, the expression of visibility in the assessment of digital photographic image has been 
proposed. This expression will be applied in the analysis of experimental data in the next 
chapter.
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Chapter 8. The experimental results
In this chapter, the measurements of visibility in the smoke tunnel will be presented. The effects 
of various factors such as the smoke concentration, luminance of sign as well as ambient 
illumination are examined. Conclusions based on the analysis of the experimental results will be 
compared with that in previous research.
8.1 Visibility of barcodes sign
Most emergency exit signs are composed with text or the mixture of text and figure as shown in 
Figure 8-1. Despite illumination, language, colour and size, the texture composition of the sign, 
or the legend, is also important. It is obvious that under the same environmental condition, the 
first sign in Figure 8-1, as proposed by Collins and Lerner (1983), is easier to be identified than 
the second and the last. The difference lies in the pattern, stroke and spaces between the strokes.
Fire 
exitJMl
Figure 8-1 Examples of emergency sign
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In the current study, a series of barcode signs of different stroke thickness and intervals are first 
studied to see their effect on visibility in combination with colour and luminance. Table 8-1 is 
the list of the barcodes used in the current study. Each barcode is shown in a row in the table 
with its aspect ratio, the width of its transparent bar and its opaque interval and the total width 
of the barcode. The aspect ratio of a barcode is defined as:
Width of tranparent bar 
Width of opaque int erval
8-1
All the barcodes are the same height of 9.0cm.
2.0 1.0 2.0 1.0 2.0
1.0:0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0
Table 8-1 Formation of barcode, widths are in centimetre (cm)
Figure 8-2 shows the images of the 4 barcode signs in Table 8-1. The interval between bars is 
fixed as 1.0cm for the first 3 barcodes and 0.5cm for the last one. Their stencil area (the white 
area) ratios are 6:6:5:6 and the total widths of the sign are 8, 9, 9 and 8.5cm respectively.
Figure 8-2 Barcode signs with different aspect ratio
Visibility has been measured with 3 different power and 3 different colour settings of the light 
source. The optical depth of the smoke changes continuously from 0 to 9. According to Jin 
(2008), when optical depth is greater than 8.0, the sign would become invisible. In the current 
experiment, each measurement is carried out with the tunnel filled with smoke more than 
enough to fully obscure the sign. In terms of optical depth, its value would be larger than 12. 
Measurements are made as the smoke level goes down naturally due to leakage. 5 people age 
between 19 and 52 with normal eyesight have been asked to observe the optical depth threshold, 
the observed threshold optical depth were between 7 and 9 for different colour and sign 
combination.
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The complete results of the measurement are presented in Appendix A. In the next few sections 
the effect of the most influential factors on visibility are compared and discussed.
8.1.1 The aspect ratio of barcode
Figure 8-3 shows the visibility of green barcodes with different aspect ratio. At power level 1, 
the visibilities of the two bulkier barcodes are clearly better than the other two thinner ones. 
Results with other colour and power of the light sources are compared in Appendix B. It can be 
seen from Appendix B that what is shown in Figure 8-3 is a general phenomenon.
0.10
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> 0.04
0.02
0.00
A barcode 2:1 
D barcode 1.5:1 
X barcode 1:1 
O barcode 1:0.5
567 
Optical depth T
Figure 8-3 Visibility of different barcodes with green light at power level 1
In practice, bulky legend for emergency sign is the preferred choice. What can also be seen in 
Appendix B is that the advantage of the bulky barcode diminishes if either the power of 
illumination or the value of the photometric function of the sign decreases as shown in Figure 
8-4.
Figure 8-5 shows the images of the same barcodes as in Figure 8-3 with optical depth about 6.5. 
It is obvious that the two bulky barcodes in Figure 8-5 (c) and (d) are more easy to be identified 
than (a) and (b).
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O barcode 1:0.5
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Optical depth T
(a) Visibility of different barcodes with green light at power level 2
,0'3
0.10
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(b) Visibility of different barcodes with red light at power level 1
Figure 8-4
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(a) 1:0.5
(b) 1:1
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(c) 1.5:1
(d) 2:1
Figure 8-5 Images of barcode signs with different aspect ratio
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8.1.2 The illuminating power of the light source
As can be predicted with common experience, higher power of the light source will lead to 
better visibility of a sign. Figure 8-6 shows the measured visibility from the barcode sign with 
1.5:1 aspect ratio and green light at 3 different power levels. The visibility of the sign improves 
with the increase of the power input of the light source. Similar effect can be seen under other 
colour or aspect ratio conditions in Appendix C.
0.08
A level 1 
D level 2 
O level 3
0.00
567 
Optical depth T
Figure 8-6 Visibility of barcode (1.5:1) with different green light power
Exception does exist in the case of barcodes with small aspect ratio and strong light scattering 
as in Figure 8-7 where the barcodes of 1:0.5 are illuminated with blue light. In this case, strong 
scattering has reduced the contrast of the image produced at power level 1 below that at power 
level 2 when r>5.
As the optical depth increases, the visibility curves representing different light power converge. 
At T=8, the differences become very small, hi human field experiment, such difference is 
unrecognisable by the participants as shown by Jin (1978).
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Figure 8-7 Visibility of barcode (1:0.5) with different blue light power
8.1.3 The colour of a barcode sign
It is generally accepted that emergency sign (or any other warning signal) should be in red or 
green colour. The reason is simply put as that red light suffers less from extinction and the 
human eye is more sensitive to green colour. There are other reasons such as tradition and 
history. People in North America have chosen red as the colour for their emergency sign but in 
Europe, green is the colour that has been used for the same purpose. This issue has been left in 
the history of fire protection without conclusive preference.
Rea et al (1985) studied coloured EXIT signs which had various combinations of red/black, 
red/white, green/black and green/red. The signs were view from a distance of 5.5m. Twelve 
subjects with normal vision observed the red and green signs. Ouellette (1993) later reported 
(the same study) that there was no statistically significant overall effect of colour: seven subjects 
did slightly better with red signs, while the remaining five showed a marginal advantage with 
green signs. It was concluded that the effects of colour of emitted light on visibility, if any, was 
much less than that of sign luminance, ambient illumination, or smoke density.
In the current study, the results of visibility measurements with 3 different colour light sources 
are compared and the comparison under various experimental conditions is given in Appendix 
D. In reference to the measured results in Appendix A, the results in Appendix D are normalised
against the output of the light source which is measured directly as described in section 5.5 and 
Table 11-1.
The comparison in Appendix D has, for the first time, tried to quantify the argument on the 
colour of emergency sign. Under the current experimental conditions, signs illuminated with red 
and green light have shown very similar visibility but that with blue light is significantly poor 
(Figure 8-8). It means that the performance of red signs used in North America is as good as 
that used in Europe.
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Figure 8-8 Visibility of barcode with aspect ratio 2:1 at power level 1
8.1.4 Ambient light
Jin (2008) has point out that the visibility of placard decreases with the intensity of the ambient 
light. Rea (1985) presented the relation between the luminance of an exit sign and its critical 
optical density of smoke. Figure 8-9 shows the visibility curve with and without ambient lights. 
It is clear that the ambient light has significantly reduced the critical optical density of the 
smoke.
In the current study, two barcodes with aspect ratio of 1.5:1 and 1:0.5 have been chosen to 
repeat the measurements shown in Appendix A with the ceiling light near the camera being 
switched on (see Figure 5-1). Measurements have been done at power level 1 and 2 of the light
source. At level 3, the power input is too low for the visibility of the sign to be measured.
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Figure 8-9 The effect of ambient light on the visibility of emergency sign (Rea, 1985)
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Figure 8-10 Visibility of red barcode with aspect ratio 1.5:1 at power level 1
Figure 8-10 shows the comparison of visibility for red barcode with aspect ratio 1.5:1 at power 
level 1 with and without the ceiling light. It can be seen that with the ceiling light being
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switched on, the visibility of the sign has been significantly reduced. Similar effect can be seen 
under other experimental conditions as shown in Appendix E.
8.2 Visibility of text stencil
A stencil with the text "EXIT" has been tested with the same LED light source as in the cases of 
barcodes. The area of the text legend is 12x4cm2 . The font of the characters is bold Arial with 
stroke width of approximately 0.8cm. The stencils were illuminated at power level 1. Figure 
8-11 shows the images of the stencil under clear condition.
EXIT EXR
Figure 8-11 Exit stencil illuminated with red, green and blue LED light
Figure 8-12 shows the visibility of the stencil normalised by the power of the light source in the 
same way as in Figure 8-8. As in the cases of barcodes, the visibilities of red and green lights 
are very similar but that of the blue light is lower.
0.0
3456 
Optical depth T
Figure 8-12 Visibility of EXIT stencil
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8.3 Visibility of commercial emergency exit sign
8.3.1 The sign and its visibility
The visibility of a European commercial emergency exit sign (Figure 8-13) has also been tested 
in the current experiment. The sign is the 8WT5 type with dimension of 38xl9x6cm3 powered 
by one 8W fluorescent lamb.
Figure 8-13 The un-illuminated commercial emergency exit sign in day light
Complying with the requirements of EN60598-2-22 and suitable for incorporation into an 
emergency lighting system complying with BS5266-1:2005, the sign is fitted with a legend 
according to the Health and Safety Signs Directive 1996 and BS5499. The entire surface of the 
sign is translucent with white legend on green background.
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Figure 8-14 Visibility of the real exit sign vs. smoke optical depth
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The sign was placed in the middle of the tunnel cross section and 3 meters from the camera. The 
camera settings are the same as for the barcode signs except that the focal length of the zoom 
was reduced from 300mm to 200mm.
Figure 8-14 shows the decrease of the visibility of the sign verses the optical depth of smoke. 
The general trend of the curve is still exponential.
8.3.2 Translucent against opaque background
Figure 8-15 is a photo image of the illuminated sign taken in the smoke tunnel. In order to see 
the effect of the translucent green background, the sign was masked with a black opaque stencil 
which converts the sign into white laminated legend on black background as shown in the photo 
image of Figure 8-16.
Figure 8-15 Photo image of the emergency sign with green translucent background
Figure 8-16 Photo image of the emergency sign without background luminance
The comparison between the translucent sign and the stencil sign is shown in Figure 8-17. 
Although the difference is relatively small, the visibility of the translucent sign is generally 
better than that of the stencil sign up to the optical depth of 7.0. Afterward the performance of
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the two signs is almost the same. It is believed that the reason of better visibility for the 
translucent sign is due to the fact that visibility in the current study depends on the image 
contrast between the sign and its background as well as the overall brightness of the image. 
Both values are higher for the translucent sign than the stencil sign because the former has 
larger illuminated area. Therefore the improvement of visibility is on the entire sign, not just its 
legend.
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Figure 8-17 Visibility of the sign with and without background luminance
The current conclusion contradicts with the results from Ouellette (1988) and Collins et al 
(1992). In both of the cases, the sign was formed with thin red text on white translucent 
background that would be rather dominant in terms of total luminance. What also needs to be 
pointed out is that visibility defined in the current study is different from the visual threshold 
used in those experiments.
8.4 The visibility threshold
The commonly accepted visibility threshold given by Jin (2008) is that the optical depth of 
smoke equals to 8.0 as shown in Figure 8-18. Interestingly this threshold is largely independent 
of media type and the brightness of light source.
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Brightness 
of sign
Kind of 
smoke
A 500 cd/m2 White smoke
A 500 cd/m2 Black smoke
O 2000 cd/m2 White smoke
• 2000 cd/m2 Black smoke
Cs - l/=8
7 -
0.5 0.7 1.0
Extinction coefficient Cs (1/m)
1.5 2.0
Figure 8-18 Jin's visibility threshold (Jin T., 2008)
On the visibility curve as defined in the current study, the threshold is a point where the 
visibility curves under different conditions merges (e.g. Figure 8-3, Figure 8-6, Figure 8-12 and 
Figure 8-17). Different visual condition leads the visibility curve towards the threshold with 
different slop. In relatively favourable visual conditions (brighter light source, bulky sign etc.) 
the disappearance of the target would be rather sudden. If the conditions are less favourable, the 
image of the target goes blur well before the conditions reach the threshold. It opens the 
question of how the performance of an emergency sign should be judged. At the moment, 
judgement is made only on the threshold of visual distance. It is certainly important that the 
emergency sign should stay visible during the entire period of evacuation. However, the 
visibility of the sign can be very different under different conditions before the threshold is 
reached. Should the designers make effort to improve the visibility of emergency sign so that it 
would be easier for the evacuee to find the egress route even in hurry or panic? The answer is 
definitely yes.
8.5 Summary
Various internally powered signs were examined in the smoke runnel under controlled 
environment. Quantitative visibility measurements of the signs have been made with 
commercial digital camera. Here are the main findings from the experiment.
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• Signs illuminated by red and green light have very similar performance of visibility in a 
smoke laden environment. The performance of a sign illuminated by blue light would 
be significantly poor compared with the other two.
• The visibility of an internally illuminated sign can be improved through the increase of 
its luminance.
• The presence of ambient light could significantly reduce the visibility of a sign.
• An illuminated sign with white legend on green translucent background perform better 
than that on opaque background.
• The legend of a sign with bulkier stroke and larger interval between the strokes has 
better visibility than that with thin and compact strokes.
• The difference in visibility due to different visual conditions diminishes as the optical 
depth of the smoke approaches the threshold value of 8.0 given by Jin.
Most of the above points are arguably known to the fire engineering community but this has 
been the first time quantitative conclusions have been drawn, hi the opinion of the author, more 
attention should be paid to the pre-threshold conditions that have caused some significant 
discrepancies and would be experienced by most evacuees during fire evacuation. Improvement 
of visibility under such condition will certainly improve the performance of emergency egress.
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Part III Numerical simulation of 
visibility in smoke laden 
environment
Experimental study of visibility in fire smoke is important in order to understand its mechanism 
and the general principle for improvement. Conditions of real fire in modern public buildings 
would be more complicated in almost every aspect in comparison with the conditions in the 
laboratory. It justifies the use of computer simulation for design verification. As part of the 
current study, a computer model for the visibility in smoke laden environment has been 
developed. This part of the thesis gives the details of the model and its validation against the 
experimental data presented in Part II.
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Chapter 9. Previous solution methods for the
radiative transfer equation
The radiative transfer equation 2-26 is an integro-differential equation. In addition to the 3 
spatial dimensions common in other dynamic systems, there are 2 angular and one spectra 
dimensions. Consequently, exact analytical solutions exist for only a few extremely simple 
situations such as one-dimensional problem in homogeneous medium with constant optical 
properties.
Most engineering problems are multi-dimensional and heterogeneous. Frequently the spectral 
variations of the radiative properties have to be accounted for. Therefore simplified 
approximations are necessary in the solution of the RTE. Depending on the nature of the 
specific problem in hand, the degree of accuracy required, and the available computer facilities, 
solution methods of varying degrees of approximation have been devised. In this chapter, some 
typical methods that have been developed in astronautics, atmospheric/meteorological science, 
neutron transport, radiative heat transfer and computer graphic are reviewed.
9.1 Analytical solution
Analytical methods can be applied to radiation transport problems only in the case of highly 
idealized situations, like problems with simple geometry and homogeneous participating media 
having spectrally independent radiative properties (gray medium). In such situations, exact 
analytical solutions can be obtained for the RTE, which is used for determining the variation of 
intensity in the participating media. The simplest example is equation 2-24. More complex 
solution involves heterogeneous medium or two dimensional boundary conditions (Heaslet & 
Warming, 1963). The analytical solutions have received much attention in atmospheric sciences 
and neutron transport (Viskanta, 1987). hi thermal engineering, their application is limited and 
the procedures of obtaining such solution are already written in text books (see, e.g., Ozisk, 
1973; Siegel & Howwell, 1992; Modest, 1993).
Since visual simulation is intrinsically 3 dimensional, no effort has been made to seek analytical 
solution.
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9.2 Numerical solution
9.2.1 Spherical Harmonics method (TV-Approximation)
Assuming that at a point X in space, the spectral radiance field LA (x, (b) can be expressed as the 
following series
where the subscript A has been omitted on the right hand side of expression 9-1 for clarity. 
Lf(x) is position dependent coefficients and Y^co) is the spherical harmonics given by
1/2
emv p} m (cos6>)
where 9 and v|/ are the zenith and azimuth angle describing Win spherical coordinate system 
defined at X . P™ is the associated Legendre polynomials.
Similarly, expanding the phase function in expression 2-26 as
m=0
where// = cos# and jua = cosdm . m is the order of approximation of the phase function.
Further assume that the problem is one dimensional and the local spherical coordinate system 
can be chosen so that the radiance field is independent of the azimuth angle \|/. It leads to 
(Modest, 2003)
'=° 9-3 
where the position vector X is substituted by the integration along the direction of radiation s
s
T = \ods . The in-scattering integration in 2-26 now can be written in series form as
In this case L" = 0 if nt ^ 0 therefore the superscript m is omitted
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'=o m=o _i 9.4 
As Legendre polynomials are orthogonal, therefore
and
A,=Oforl>M
=o " -i- i 9.5
Substituting 9-1 and 9-5 into 2-26 and exploiting the orthogonality of the Legendre polynomials 
again lead to N+l ordinary differential equations for/n (r)
kA
2w-l ""
where «=0, 1, ....... N and the prime denote differentiation with respect to T. Up to this point the
integral-differential equation 2-26 has been converted to a set of ordinary differential equations 
9-6. In theory the method can yield solution to the accuracy of any degree but the expression of 
PN is very complex even for small N (less than 3) (Ou & Kuo-Nan, 1982; Ratzel & Howell, 
1983; Menguc & Viskanta, 1985, 1986). What needs to be remembered is that equation 9-6 is 
only a one-dimensional solution (the real solution process is far beyond 9-6). In multi­ 
dimensional geometries, attempt to make higher order approximations would be unrealistic. The 
drawback of the method is that low-order approximations are usually only accurate in optically 
thick media, and accuracy improves slowly for higher-order approximations while mathematical 
complexity increases extremely rapidly (Viskanta, 1987). With the higher order terms, boundary 
conditions are also very complicated. When the media is heterogeneous, the problem becomes 
too complicated to solve.
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9.2.2 Discrete ordinates method (SN - Approximation)
If the radiative transfer equation 2-26 is solved along a set of n different directions^,, / = /, 
2, ....... n and the scattering integrals over direction are replaced by numerical quadratures, that
IS
f "
J L(xi , S)p(xi , s,, S)d(o = 2] Wjl(x,, G>J )p(xi , s,, G>J )
n 7=1 
where w}- is a weighting factor. Then the original RTE can be written as
(j «
4;r y=i ' 9-7
The accuracy of 9-7 keeps improving as n increases provided that the direction ~si and weighting 
factor Wt satisfy the following conditions
, = \da> =
^ - \sda) = 0
1=1 t,1t
4x 9-8
Here 5 is the unit tensor and ® denotes the dyadic product between two vectors. Since the 
solution must be symmetrical (radiances in two opposite directions co-exist), an even number of 
the simultaneous equations must be solved at any spatial point. A solution of this type is 
denoted as SN with N=2, 4, 6, .... The subscript N is called the order of the solution. The number 
of discrete ordinates n, the order of the solution Af and the physical dimension of the solution 
space D (D=l, 2, 3) form the following relation
A S4 solution for a two dimensional radiative transfer problem requires 22 x 4(4 + 2)/8 = 12 
simultaneous equations to be solved at each point (Siegel & Howwell, 1992).
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The discrete ordinate method was first proposed by Chandrasekhar(1960) in his work on stellar 
atmosphere radiation. Later, Lee(1962) and Lathrop(1966) apply it to neutron transport theory. 
Fiveland (1984) calculated 2 dimensional radiative heat transfer in enclosures with this method 
and observed that different sets of ordinates may result in considerably different accuracy. His 
results of S4 and S6 ordinates are generally better than the P3 solution from Ratzel & Howell 
(1982).
Later Truelove (1987) improved Fiveland's solution by adding the half-range condition that the 
set of ordinates and weights should also satisfy the first moment over a half range on the surface 
of walls:
Jj«-J|ato = \n-sda) = 7r= j^ win-si
n-J<0 n/>0 «J,>0 9-10
Comparing with the PN method, the SN method is more flexible. It can be applied to non- 
isothermal, heterogeneous, anisotropically scattering media in complex geometries. In radiative 
heat transfer, the implementation of the SN method can be conveniently accommodated in the 
CFD mesh readily available for flow and convective heat transfer simulation. It makes it a 
primary choice within the CFD community.
The discrete ordinates method suffers from two major sources of inaccuracy, the ray effects and 
false scattering. False scattering is the result of spatial resolution same as the false diffusion in 
CFD simulation and may be reduced using any discretization scheme that improves field 
resolution (refined mesh or higher order scheme). The same problems accompanied with such 
scheme in CFD simulation (over/under shoot, unphysical values etc.) also appear in the 
radiative simulation. Ray effects are the result of angular resolution and related to the abrupt 
change of radiation on the boundary. As the discrete ordinates are bound by conditions in 
equation 9-8, the computational cost of angular refinement is proportional to N2 and N has to be 
an even number. Some mitigation schemes have been introduced to reduce the ray effects but 
they are often restricted (e.g. thin smoke), costy and complicated to implement making a 
conceptually transparent method rather obscure (Liou & Wu, 1997; Coelho, 2004). Due to such 
drawbacks, the SN method is not well accepted by the computer graphics community despite its 
computational efficiency by solving a single set of linear equations to get the illumination of the 
entire scene.
9.2.3 Radiosity method
The radiosity method was developed in the late 1950s and early 1960s for surface to surface 
thermal radiation problems within an enclosure with gray, diffusive walls and without 
participating media (Oppenheim, 1956). Under such conditions, radiation leaving a finite
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surface area Aj and arriving at another finite surface area A-, can be expressed as, assuming 
radiance on each surface area is constant
A, A, A,Aj
where the phase functions is in fact a visibility function
P.. =• P]>
1 if dAj is visible from dAj 
0 otherwise
The total radiant energy flux arrived at At is
Therefore
9-11
9-12
where N is the total number of surface elements of the enclosure and
9-13
is called view factor (or form factor) ofAj viewed from At with the exchange areas,^. defined as
a>9
9-14
Since sts • is symmetrical to the sub scripts, the view factors between At and Aj follow the rule of 
reciprocity
F,jAi =F]iAj 9-15
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Equation 9-12 for all the elements of the enclosure forms a set of linear equations for the surface 
radiosity of the enclosure (Oppenheim, 1956).
This method was first introduced into computer graphic for global illumination by Kajiya 
(1986). Various improvements were made to reduce the computational cost in calculating view 
factors and reducing the total number of elements without losing the capability of producing 
visually acceptable images (Cohen & Wallace, 1993).
hi surface radiation within enclosure and global illumination for computer graphics, equation 9- 
12 can be solved implicitly with efficient linear solvers popular in FEA and CFD simulation 
even though computing view factor 9-13 is still burdensome in 3D cases with complex 
geometry. In global illumination, small surface elements are required to avoid artefacts along 
the edges of geometry as well as the boundaries of shadow.
9.2.4 Zonal method
The zonal method is widely applied in calculating radiation heat transfer with participating 
media in practical engineering systems. It was first developed by Hottel & Cohen (1958) for an 
absorbing-emitting and non-scattering gray gas with constant absorption coefficients. Hottel & 
Sarofim (1967), Noble (1975), Smith et cr/(1985) and Nelson et a/(1986) extended it to deal with 
non-constant and non-gray absorption coefficients as well as isotropic scattering media.
As a direct extension of the radiosity method (in computer graphics it is often referred as 
radiosity method), equation 9-12 is replaced by the following equations for surface and volume 
local energy balance in equilibrium condition (Rushmeier & Torrance, 1987)
A /T — A 77* -l~/iyVV/*'-l-7VO'/ /^"IT* ^iiYinf*(* 7nvi(>Ai tLl - ^ i^emU + PA /^^^j^j + Z-i^i&jJ • I Jur ^"uace zone
\M 7=1
M
cr,^.y,. = ^aabJ.Jemt> + A Z &S)E) + Z SiSjJj f°r volume zoneu> >=> ; 9_ 16
where E and J are radiosity defined on surface and volume zone respectively. TV and M are the
number of surface and volume zones respectively. The exchange areas stgj and g,gj are 
defined by
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f f aiui
= JJ^^T7J
Same as s^., they are also symmetrical to the subscripts i andy.
With participating media, the definition of py must include energy loss during transmission from 
element / to element j regardless it is surface or volume type. This is evaluated according to 
Lambert-Beer's law as
- [ads 
Pij= e *
The integration is to account the heterogeneity of the media.
Kajiya (1986) introduced this method to the computer graphics community. Rushmeier(1988) 
applied it in his simulation of global illumination with thin media exhibiting weak anisotropic 
surface scatter, where volume-to-volume interaction was assumed insignificant. Bhate and 
Tokuta (1992) extended the method to more general anisotropic media and Bhate also carried 
out progressive zone refinement (Bhate, 1993) to reduce the overall cost.
The popularity of the zonal method is due to its simplicity in terms of the decomposition of 
computational domain and nearly analytical solution for the inter-zonal radiant exchange. Such 
advantage diminishes as the problems to be solved become more complex, hi a typical cube 
filled with participating media and divided into n elements in each principle direction, the cost 
of computing the exchange areas 9-16 would be O(n7)'. In cases that the participating media is 
constant, this operation needs to be carried out only once per scene, hi other cases, such cost is 
often considered prohibitively high.
9.2.5 Monte Carlo ray tracing
hi 1946, following the creation of the world's first electronic computer ENIAC, a team of 
scientists in Los Alamos Laboratory carried out a series of statistical computation on it
1 The number of elements would be O(n3*2) and the cost ofpv would be O(n).
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simulating neutron transport process. Monte Carlo method was formally introduced (and named) 
in this simulation (Metropolis, 1987).
The method was first introduced into thermal radiation in the early 1960s for one dimensional 
radiative heat transfer problems (Fleck, 1961; Howell & Perlmutter, 1964) . Later, more 
complex problems concerning non-gray, anisotropically scattering media confined in various 
types of enclosures were investigated using this method (Taniguchi, 1967; Taniguchi, 1969; 
Stockham & Love, 1968; Avery et al, 1969; Gupta et al, 1983; Abed & Sacadura, 1983; Yang et 
al, 1983; Tiwari & Liu, 1992; Farmer & Howell, 1994 and Liu & Tiwari, 1994). The high 
computational cost of the Monte Carlo method had prevented it from being widely adopted in 
its early stage of development. In recognition of its high accuracy and high computing cost, it 
was recommended as a benchmark for other methods (Viskanta, 1987; Mishra & Blank, 1995). 
As the hardware capabilities have advanced and more efficient algorithms (e.g. Kobiyama, 1989; 
Liu, Shang, & Chen, 1999; Modest, 2003) have been introduced, the cost of the method 
becomes more and more acceptable.
Generally speaking, Monte Carlo methods are a class of computer algorithms that rely on 
repeated random sampling. It is more of an idea or a principle than a particular computational 
method. Metropolis gave an excellent explanation of the principle in his original paper 
(Metropolis & Ulam, 1949). hi solving radiative transfer equation, the method has often been 
used in Monte Carlo integration. The idea is to evaluate the integral
L = \f(x)dfi(x)
n 9-18
with a quadrature
9-19
where the weight w, and the sample location xt are determined in advance. N is the total number 
of samples.
The advantage of the Monte Carlo method over other method mentioned so far is its versatility. 
Regardless the dimension of the problem domain and the smoothness of the integrand, it 
converges at the rate of O(N~1/2 ) (see next chapter) while the other quadrature based 
approximations will converge according to Bakhvalov's theorem, atO(N~l/s ) or worse. Here 5 
is the dimension of the problem domain and the integrand should have a bounded, continuous 
first derivative (Veach, 1997).
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Another advantage of the Monte Carlo method is its simplicity. Only two basic operations are 
required namely sampling and point evaluation which leads to simple computer software 
implementation. It is easier to be used in complex problem such as that involving heterogeneous 
and/or anisotropic media.
The traditional ray tracing technique was introduced into global illumination by Whitted (1980). 
He described a novel way for extending the ray-casting algorithm to determine visible surfaces 
in a scene to include perfect specula reflections and refractions. Later Cook et al (1984) 
extended it into stochastic ray tracing.
Essentially there are two tracing strategies: forward and backward tracing. The former, tracing 
rays from the source toward the target, is often used in neutron transport (Spanier & Gelbard, 
1969) and radiative heat transfer (Tesse, Francis, & Jean, 2004) as well as in nuclear medicine 
(Bousis, Emfietzoglou, Hadjidoukas, & Nikjoo, 2008). The later, tracking rays from the receiver 
(image plane) toward the source is extensively used in computer graphics for image generation 
(Dutre, Bekaert, & Bala, 2003).
Limited extension of the origin of rays will result in very non-uniform convergence rate in the 
domain. Figure 9-1 demonstrates a camera catching the reflected light from a Lambertian 
surface. With forward Monte Carlo ray tracing, the probability of a ray issued from the light 
source being captured by the camera is quite small. It means that to generate a reasonable image, 
the total number of rays to be introduced from the light source, N, has to be very large since the 
convergence rate of the Monte Carlo method is O(N~"2) . On the Lambertian surface, the 
illumination would have reached its converged value with a sampling number N' « N . The 
same argument can be applied to backward Monte Carlo ray tracing.
Lambertian 
surface Light source
Camera
Figure 9-1
The above problem prompts the development of two pass tracing algorithms, hi the first pass, 
rays are introduced from the light source and radiance is cached in space or on the surfaces in 
the scene. In the second pass, rays are introduced from the receiver (either a camera or eye). The
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path of the rays is traced till it reaches a diffusive surface, hi the case of specula surface, multi- 
leg path is traced till the ray either reaches a diffusive surface, absorbed or escaped from the 
scene. Many Monte Carlo ray tracing based hybrid methods are different from each other in the 
way that radiance is cached.
Computationally, Monte Carlo ray tracing is the most memory efficient method. Since there is 
no cohesion among light rays, the computation is naturally parallel and distributable.
9.2.6 Irradiance cache
Among the basic methods in solving the radiation transfer problems, the discrete ordinate 
method is very efficient in solving problems of thermal energy/temperature distribution but not 
quite suitable for image creation when the radiance field contains discontinuity as in the cases 
involving light beams and specula reflection. The spherical harmonic method is too complicated 
even for single scattering case (equation 9-3). The improvement of accuracy is accompanied 
with dramatic increase of the complexity of solution by including higher order term of Legendre 
polynomials. The zonal method can provide comprehensive global illumination solution by 
solving one set of linear equations but the high cost of computing the view factors causes 
concern. On the other hand, the Monte Carlo ray tracing solution is independent of the 
complexity of problem domain and relatively simple to implement. Its converging rate O(N112) 
is generally regarded as slow.
In order to improve both accuracy and efficiency, various hybrid methods have been proposed. 
Evans (1998) proposed the SHDOM method combining the spherical harmonic method and the 
discrete ordinate method for atmospheric radiation. Rushmeier et al (Rushmeier & Torrence, 
1990; Chen, Rushmeier, Miller, & Turner, 1991) extended their earlier radiosity model by 
adding Monte Carlo ray tracing to simulate specula reflection and caustics.
The most successful hybrid method is photon-mapping (Jensen H., 1996). The method employs 
two Monte Carlo passes: the first is to generate radiance cache on all surfaces (photon-map) and 
the second is to create image based on the photon-map. As the photon-map is constructed with 
only points, the method is completely independent from surface tessellation. The basic photon- 
mapping idea was extended to include participating media (Jensen & Christensen, 1998). The 
method is very effective in simulating caustics since there is a clear, definite free surface and the 
rest of the domain is filled with homogeneous medium of one kind or another. For diffusive 
media such as smoke that has no interface between different media but the spatial distribution of 
each medium is heterogeneous, the structure of the photo-map could become rather arbitrary. 
Unless huge number of photons are stored, it would be difficult to produce an accurate 
description of the field of radiation with photon-map.
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9.2.7 Simulation of visibility in smoke
In fire protection engineering, the visibility of smoke, defined as visual distance, is calculated 
from optical density (SFPE, 2008):
9-20
where x is the length of optical path. In numerical simulation, optical density can be estimated 
from smoke mass concentration psmoke following Lambert-Beer's law as (Ingason & Persson,
1998)'
9-21
where psmoke is often the result of CFD fire simulation. Since OD is a scalar, some simulation
packages such as PHOENICS uses (1/OD) as a measure of visibility and present it in a contours 
plot (CHAM, 2006). Others use it in the line of sight calculation and also for smoke 
visualisation as in FDS-SmokeView (Fomey G. , 2009).
The OD (or rather its inverse) contours is difficult to interpret by fire engineers and often 
misleading. For example, OD=8 at a point does not means the local visible distance is 1/8 meter. 
According to Jin (2008), it is in fact 1 .0 meter. In heterogeneous smoke field, treating visibility 
as a local property would be even more problematic.
The line of sight calculation integrates light extinction along its path. The result of the 
integration is the optical depth of smoke. It can be used to measure visibility. In computer 
graphics as well as in FDS (McGrattan, Hostikka, & Floyd, 2009), optical depth is linked 
(arbitrarily) to the transparency of graphic layers to produce the image of smoke as shown in 
Figure 9-2 (Forney G. , 2009). It only offers an easy way to qualitatively visualise smoke effect.
Husted etc (2004) carried out integration along the line of sight in his CFD fire simulation. By 
converting the unit of OD into 10m of visual distance, he gave an estimation of visibility in the 
predetermined directions and at certain floor level as shown in Figure 9-3.
The contours in Figure 9-3 show the visual distance at each point in the simulation domain 
observing from right to left as indicated by the arrow. In the region painted yellow, the visual 
distance would be great or equal to 20m so that anything on the left wall would be visible. In the
1 In Ingason's paper, OD was defined using logm instead of In. Here OD is kept consistent with the 
definition in SFPE handbook (SFPE, 2008).
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red region, visual distance is reduced to 10m or less therefore nothing on the left wall would be 
visible.
Figure 9-2 Smoke in a hall (generated in Smoke View (Forney G., 2009))
10 15 20 25
Figure 9-3 Visibility of the left wall (Husted, Carlsson, & Goransson, 2004)
Comparing with optical density contours, the contours of visual distance represents a step 
forward. It can calculate light extinction in a given direction. What it can't offer is the effect 
from environmental factors other than the smoke itself. For example, it can't tell the difference 
of different signs. It also cannot see any ambient light.
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In computing graphic, Jensen extended his photon-mapping technique into volume scattering 
and simulated the images of clouds (Jensen & Christensen, 1998). It solves equation 2-26 
directly. In-scattering was included as part of the solution. The result showed white/light gray 
clouds instead of black smoke as in the output of the line of sight simulation. It has been pointed 
out in the last section that the photon-mapping method is expensive. When applied to light 
transport in participating media, the cost becomes even higher. As the output of computer 
graphics, the results were not validated and no justification has been given as if the solution 
satisfies the law of physics such as energy conservation.
9.3 Summary
The existing computation of visibility in smoke as a post process of CFD fire simulation is over 
simplified, inadequate and therefore requires improvement. The difficulty is the high computing 
cost involved in solving the radiation transport equation. Traditional approximation, based on 
series expansion such as the PN method, leads to formulae that are too complicated to solve. The 
discrete ordinate method or SN method, although a quite straight forward angular discretization 
approach, is suffering from numerical error such as ray effect and false scattering. Therefore 
cannot be applied to image generation. The zonal method is relatively simple in concept but the 
cost of calculating view factors can be prohibitively high in 3D heterogeneous cases that require 
high spatial resolution. Applying to image generation, all these methods lead to the problem of 
aliasing.
On the other hand, the Monte Carlo ray tracing method has been proven to be accurate, versatile 
and capable to generate high resolution image. It has been linked with long computing time 
because of its low convergence rate. Recently its efficiency has been improved through 
combining the method with irradiance caching and multi-pass tracing. A good example in this 
area of development is the photo-map method. Its success in generating credible synthetic 
images of caustics has been very impressive. Its unstructured caching algorithm still presents as 
a cost obstacle in simulating heterogeneous media such as fire smoke. In the next chapter, the 
current author introduces a new, more efficient hybrid Monte Carlo method that is capable of 
caching irradiance for fire smoke.
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Chapter 10. Numerical simulation model in the 
current study
Experimental work is necessary in establish various mechanisms relevant to fire protection. 
Real fire scenarios are too complex and expensive to be verified in the laboratory. This is the 
area numerical simulation has been proven to be very useful. Although numerical simulation is 
easy and less expensive relative to laboratory test, some of the simulation work still requires 
large computer and long running time (days, weeks or even longer). The simulation of image 
based visibility in fire smoke is one of such case. Among all the algorithms reviewed in the last 
chapter, the zonal method and the Monte Carlo method are the two best candidates in serving 
the current objective. Unfortunately both of them are high cost algorithms. In this chapter, the 
current author introduces a new hybrid algorithm that adds the structured irradiance cache of 
zonal method into the more accurate and versatile Monte Carlo algorithm. Combining this 
hybrid algorithm with the dynamically adaptive octree mesh and a two pass tracing procedure, 
the new simulation model is capable of solving the RTE under any known condition to the 
required accuracy with reasonable cost.
10.1 Introduction
The aim of the current study is to establish a computer simulation program that can accurately 
predict the image of an illuminated sign over a distance filled with participating medium, more 
specifically, smoke. This is somehow different from the aims followed by the previous authors 
reviewed in the last chapter. They are in two campuses. In the first campus are the scientists and 
thermal engineers. Their objective is to achieve good accuracy in terms of physical properties 
such as overall energy balance and local mean temperature and heat fluxes even the results itself 
may be visually unsmooth. People in the second campus, namely the computer graphics 
engineers are looking for simulation results that are visually credible and pleasant as well as 
computationally efficient often at the cost of physical accuracy. The current study is an attempt 
to establish fire engineering conclusions based on simulated virtual images that is both 
physically accurate and also visually acceptable since human eye is sensible to image details.
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As an engineering tool, the simulation model should satisfy the following requirements.
1. It should include all the main physical processes involved in light transport with 
participating media.
2. The results of the simulation must accurately reflect physical reality. Certain techniques 
(tricks, such as 3D texture map, artificial scattering, etc.) used in computer graphics to 
accelerate the simulation on the expense of numerical accuracy or even physic 
correctness are not acceptable.
3. The image generated from the simulation should be both physically and visually 
realistic.
4. The algorithm developed should be easily parallelisable to take the advantage of 
multiprocessor/distributed computing.
5. The algorithm should be easy enough to allow data import/export from other numerical 
analysis such as FEA and CFD.
6. Reasonable rendering performance would be advantageous provided that it is not on the 
expense of accuracy.
In view of the exiting methods and the above requirements, a new hybrid of Monte Carlo ray 
tracing and zonal method has been developed in the current study.
10.2 Why creating a new model?
From Chapter 9 it can be seen that numerical simulation of radiation transport is linked with 
high computing cost. In order to achieve the requirement laid out in the last section, the cost 
would be even higher. Among the existing approaches reviewed in Chapter 9, the closest 
approximation methods that may satisfy the current requirements are the zonal and photon- 
mapping (a cached Monte Carlo) methods.
The problem with the zonal method is the high cost in computing view factors. In transient 
simulation, either static high resolution mesh or dynamic adaptive mesh would be too expensive 
in generating view factors.
The limitation of Photon-mapping comes from its unstructured nature of photon data. On the 
surface, it is very flexible since it can dynamically construct any surface with points. In reality, 
it is a costly process. In simple case such as caustics where the surface is simple and well 
defined, photon mapping is effective but still expensive (Jensen H. , 1996). In media that has 
continuous distribution in space, there is no clear surface of the medium or interface between 
media, the method has difficulty to determine the interaction point where to seed a photon. 
Although the method has been extended into area such cloud simulation with volume photon
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map, the in-scattering calculation requires 3D searching and interpolation among huge number 
(millions) of unstructured photons, the cost is still high even after special technique such as 
GPU programming has been implemented (Boudet, Pilot, Pratmarty, & Paulin, 2005).
The method proposed in this chapter is a hybrid of the above two methods. It combines the 
zonal style cache and the photon-mapping style caching. Irradiance is cached on prescribed 
mesh via Monte Carlo ray tracing. It does not compute the costly view factors and there is no 
3D searching and unstructured data interpolation involved. The implementation of dynamic 
mesh adaptation technique means the total number of mesh points can be controlled according 
to the required accuracy therefore the overall computing cost would be reduced further.
10.3 Scene or domain
A scene or domain is the subspace to be simulated in a numerical model. Scene is often used 
when the physical or visual aspect of the simulated space is referred and domain may be used to 
refer to the computational aspect. In the current study they can be used interchangeably.
10.4 The two pass procedure
The current method generate images in two passes: shading and rendering, hi the shading pass a 
3D radiosity map (the irradiance cache) will be built on the prescribed mesh. In the rendering 
pass, backward path integration for rays issued from each pixel of the image will be carried out. 
The main advantage of a two pass algorithm is preventing excessive number of rays being 
introduced in order to improve image accuracy therefore speeding up the convergence. A view 
independent radiosity map is also for reuse when multiple images from different point and 
direction are required such as the task of building a floor map of visibility (section 11.8).
10.5 Spectra model
The spectra distribution of light has been discretized into colour channels so that
10-1
L is the radiance of channel t\. Typically, also in the current study, 3-channel representation is
used. They are called R, G, B named after the wavelength of their peak radiance as depictured in 
Figure 10-1
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Figure 10-1
In this study, the subscript rj is often omitted so that the un-subscripted L is used to represent 
any one of the said channels.
10.6 Shading
10.6.1 Light source and surface light emission
Light is introduced from light sources in the form of rays. The simplest light source is a surface 
area emitting light of each channel as L(x,(d) and
sn
where n is the surface normal and<l> 0 is the illumination energy flux or power in watt. For 
convenience here the unit of lumen is not used to avoid unnecessary conversion. Q is the 
hemisphere in the direction of n and S represents the illuminating surface of the light source.
The corresponding ray representation of the light source is
10-2
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There are total TV rays introduced for the current colour channel and each ray initially carries 
energy flux ^ starting from point 3cy on the surface in direction a)., a direction within the
hemisphere Q. jc, and S)j are sampled according to given spatial and angular distribution 
functions.
Figure 10-2
Figure 10-2 is a rectangular plain surface emitting light diffusively. jcy is uniformly distributed 
on the surface. At each point 3cy. , a>j is determined by the zenith angle 6 and the azimuth angle (p.
The zenith angle 9 is sampled between 0 and rc/2. It satisfies the importance sampling function 
cos#. The azimuth angle (p is uniformly sampled between 0 and 2n. All rays sampled have the 
same energy flux
10-3
10.6.2 Surface scattering
In the current study, all surfaces are assumed to be solid and opaque without subsurface 
scattering of light. Light hits a surface at a point and will be reflected at the same point. Surface 
reflectance is governed by the bidirectional reflectance distribution function (BRDF) as defined 
by equation 2-31. In most of the cases concerned, either the surfaces themselves are diffusive or 
due to the scattering of incident light by smoke, the exitant light from the surfaces would follow 
diffusive distribution. Therefore a further assumption here is that surface reflectance is always 
Lambertian. Although not required by the algorithm itself, it makes the treatment of surface 
scattering much simpler and saves computer storage.
10.6.2.1 Irradiance cache
With Lambertian reflectance assumption, the total incident power in colour channel rj falling on 
a surface element can be defined as
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10-4
In the framework of ray tracing, the incident light has been represented by individual ray arrived 
at the surface element. Each of them possesses radiance power ^  . The subscription tj has been
omitted since light from all channels and their mixture behave in the same way.
The incident rays can be put into two groups, the ones directly from the light sources and the 
ones as the result of surface/volume scattering
A0,.nc = A0),,c
10-5
where m is the number of rays directly from light source and n is that for the rest of the domain. 
hi cases without participating media, A<DI>IC dtr is a constant and A<D/>IC sca varies till convergence
is achieved.
10.6.2.2 Monte Carlo radiositv
Unlike other Monte Carlo ray tracing based methods (Dutre, Bekaert, & Bala, 2003; Jensen, 
1996), the current method terminate all incident rays on non-specula surfaces. New rays are 
issued in the same way as for light emitting from a simple diffuse light source with the energy 
flux <!> 0 being replaced by A0>re/ = crre/ Ad>,nc .
10.6.3 Surface mesh 
10.6.3.1 Basic requirements
hi fire simulation, the geometry is often generated with CAD software. The geometry surfaces 
are most likely to be in B-rep (boundary representation) form. For the sick of argument, in the 
current study it is assumed that only triangulated surface mesh is used in defining geometries. 
An additional requirement is that within each surface there would be no T-connection of the 
edges. An edge can only be connected to other edges by nodes at its ends and there should be no 
open-ended edge. Figure 10-3 illustrates the basic mesh requirements on a surface.
All the meshes in the second row are unacceptable. The first contains T-connection of edges. 
The second contains non-triangular element and the last one has an open end edge.
A geometry element may be constructed from several surfaces with physical properties such as 
colour defined on each of them. Surface normal is defined on each node of surface mesh.
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Yes Yes Yes
No No No
Figure 10-3 Valid and invalid surface mesh element
10.6.3.2 Functions denned on nodes
With tessellated surface representation as used in the current study, certain function such as 
irradiance would be defined on each surface element. Such functions are convenient in surface 
caching and assurance of energy conservation but can cause aliasing on image. In order to get 
smooth surface image, the current method convert the piecewise solution to solution defined on 
nodal points. The following conversion is used for any function that needs to be converted.
n 
Jnode = /i aiJi
/=0 10-6
where / is the function to be converted and n is the number of surface elements connected to 
the node. a( 's are weighting factors defined as
A/4.a, =•
where AA is the surface area of element j connected to the node. The area weighted averaging 
is based on the consideration that felement defined on large elements are statistically more stable 
than that on the small elements. It will improve the smoothness of the nodal function fnodal . It
118
also means that the result would be more diffusive. This concern has been addressed through 
progressive mesh adaptation.
Under the assumption of Lambertian surface, radiance on surface element A/4, can be 
determined by surface irradiance as
T — /f inc>'-
10-7 
The value at a node can be calculated with expression 10-6 as
<=° 10-8
It should be mentioned that the above conversion operation is only carried out before the final 
image generation stage and uses temporary memory storage.
10.6.3.3 Progressive surface mesh adaptation
In mesh based approximation as the radiosiry method, the characteristics of mesh plays an 
important role in determine the accuracy of the solution. Cohen (Cohen & Wallace, 1993) has 
summarised the influential mesh characteristics into four categories: density, order, shape and 
discontinuity representation. In the current study, the order of the surface mesh element is linear 
so that it is easier to ensure energy conservation. The only shape of the surface element is 
triangle. In order to improve the accuracy of the solution, mesh density needs to be controlled.
Assuming /is a function defined on a surface A, at a point x ,/ over a distance A? can be 
approximated as
The error of the approximation isO(As2 ). In the current study, by keeping the variation of A/ 
approximately the same within the domain, the mesh size As can be controlled by
'• 10-9
where £ is a global constant having the same dimension as/and «s is the unit vector in A? 
direction. If there are more than one controlling functions, there would be one constant £
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corresponding to each of them and the local mesh density is the minimum of all As determined 
by equation 10-9. The local gradient V/is estimated from the current value of/by (see Figure 
10-4)
df/dx 
Sf/dy 
df/dz
(yB -y0 )
fC -fo
where
The current control of mesh density leads to a good representation of discontinuity with less 
number of mesh elements in regions where function/is relatively smooth.
Figure 10-4
Figure 10-5 shows the result of the simulation for the popular benchmark case of Cornell box. 
The simulation started with the mesh shown at the bottom left. After 3 iterations, the solution 
converged and the final mesh is shown at the bottom right of Figure 10-5. It can be seen in 
Figure 10-5 that in the region where luminance is uniform, the surface mesh is coarse. The 
finest mesh appeared near the edges of shadow.
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Figure 10-5 Cornell box
10.6.4 Volume scattering 
10.6.4.1 Volume cache
In the current model the medium is assumed to be diffusive and heterogeneous. The spatial 
distribution of medium is almost always given in the form of 3D array related to a mesh system. 
Therefore it is preferable that the volume scattering calculation utilises the same data structure 
that is compatible with that used in the zonal method. It has been learned in the last chapter that 
the zonal method requires high cost computation of view factors. In order to reduce the cost, a 
new Monte Carlo ray tracing based method has been developed in the current study that caches 
the irradiance of the media.
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Figure 10-6
Figure 10-6 shows a ray with power ^ passing through a small volume AV in space filled with 
participating medium. The loss of power due to scattering is A^ca . If there are n similar rays 
passing the volume, the scattered light detectable in the cb direction would be
, T ds t , ds dL = ~
10. 10 
The power cache
'=' 10-11
is defined on AV. Under the assumption of isotropic medium, AOJca is a scalar
'=' 10-12
Unlike in the case of surface scattering, a ray passes the volume AV will continue its course 
until the total power that it possesses has extinguished. New rays will be introduced from 
volume AV. The power of each ray is
m 10-13 
where m is the total number of newly introduced rays.
1 This is different from Jensen (Jensen & Christensen, 1998). Jensen gave expression of L instead of dL 
and ds was replaced byl/CTsca . It is the current author's view that 10-10 is a more proper approximation
of in-scattering. Jensen's approach is suitable for single scattering such as that on the liquid - air interface 
(caustics) but not in continuous heterogeneous media.
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10.6.4.2 Volume mesh adaptation
In the current study the domain is divided by Cartesian volume mesh. The participating media is 
defined on each node of the mesh and rays will be traced within each volume cell. The mesh is 
organised in an octree as shown in Figure 10-7.
Figure 10-7
Unlike body-fitted meshes, the current mesh will "cover" the entire geometry in the way shown 
in Figure 10-8(a). Surface scattering still takes place on the surface of geometry regardless its 
relation with the mesh (Figure 10-8 (b)).
(a)
(b)
Figure 10-8
The tree structure makes grid refining/coarsening a simple dividing or deleting operation. The 
Cartesian nature of the cells makes other geometrical operations such as intersection with 
geometry surface much simpler. Figure 10-9 shows the volume mesh in the same Cornell box 
simulation as in Figure 10-5. The figure on the right is the bottom view. The red lines mark the 
geometry surface.
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DB -niMesh." f\t 
Cycle: 2005 
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Figure 10-9 Volume mesh adaptation to fit geometry 
Figure 10-10 shows how the mesh can be dynamically adapted to the solution in section 11.1. 
The 3D mesh is shown on the left of Figure 10-10. On the right hand side of Figure 10-10 is the 
middle cross section of the mesh overlapped by the filled contours of the solution. 
DB 'lSIMesh 16 "til. 
Cycle: 16 
~n~a 
.... ~·<>C>]..l 1 400 ·, } ..:J O 
Figure 10-10 Volume mesh adaptation to solution 
10.6.4.3 Rav tracing 
After leaving a geometry surface, a ray will be traced through the volume mesh on cell by cell 
base. Starting from a position Po = (XIO ,X2O' X30 ) in a cell , the exit point of the ray would be on 
one of the cell boundary. The boundary point is determined by 
PI = Po +tOJ 
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t = rnax[0,rnin(?,,f2 ,/3 )] tt - max 0, :
(O,
where the subscript / represents one of the principle coordinate and a) = (/y,,6>2 ,<i>3 )is the unit 
vector in the direction of the ray. After /5, =(jc,,,.x21 ,Jt31 )is determined, the ray will be set in
the neighbouring cell and the above process would be repeated. The tracing algorithm is very 
efficient when combined with mesh adaptation shown in the last section.
In a boundary cell, there is a lookup table listing all surface elements that are either within or 
intersect with the cell boundary. In this case,
/ = max[0,min(/I ,/2 ,/3 ,/J]
where tb is the minimum parameter for the ray to intersect the nearest surface element from the
lookup table. If the ray does intersection a surface element, tracing is terminated and surface 
scattering takes place.
—— Exponential 
o Linear Ax=0.01 
A Linear At=0.1 
X Linear At=0.2
Figure 10-11
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With participating media, the power of the ray is updated at the end of each tracing step 
according to the value of Ar =
Ar>0.1 
Ar<0.1 10-14
Figure 10-11 shows the approximation of e~T by marching with different A r . It can be seen that 
even with Ar — 0.2 , the result of numerical integration is still very close to e~ r
The power loss of the ray due to scattering is
10-15
where p is the albedo of the media. The scattered radiant power A^sca is cached and 
subsequently re-emitted as described in section 10.6.4.1.
10.6.4.4 Energy conservation, convergence and cost
The shading algorithm described above is conservative. For non-absorbing media, at the end of 
each iteration, the total irradiance on surfaces and in the media of the domain equals to the total 
emission
>i *=i 10-16
where 2_, ®emt l& me total power emission from light sources. Nv and Ns are the total number of
volume and surface elements respectively. Ois the cached power. Equation 10-16 also ensures 
that the algorithm is bound.
To see that the algorithm does offer converged solution, the following assumptions have been 
added to simplify the discussion without losing the generality of the conclusion.
1 . The medium is isotropic.
2. The number of rays introduced from each surface/volume element is sufficiently large
so that the variance due to Monte Carlo sampling is less than the truncation error of
irradiance cache.
At any time, the irradiance at a point, regardless it is in the domain or on its surface, would be 
the total of radiation from all other surface/volume elements toward it.
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J=U*i mj 10-17
Where w/ is the number of rays issued from element j (emission or scattering) and n,y is the 
number of rays from element y and passing element i. vjr (orv, = n vlr ) is the visibility function 
defined as
fe~as' ray r passes element i ' 0 otherwise 10-18
Here sr is the distance that ray r has travelled from its origin till hitting element /'. It should be 
noticed that expression 10-17 is equally applicable to both surface and volume elements. air 
depends on the type of elements concerned.
iasca / A-SI r element i is volume typei i • • ./•KI element i is surface type i n 1 Q
Equation 10-17 can be written in matrix form as
d> = TO + B 10-20
where O is the irradiance vector, Tis the scattering operator and
—
B is the constant vector representing irradiance from light sources. The solution of 10-17 can be 
expressed as
tf\ ( J T\~ D >f — I J. — J I D
10-21
where / is the identity matrix and none of the element ty of T is negative. Therefore (/ - T) is 
invertible and solution 10-21 exists. The physical background of the problem tells that vector 
(D is real and 10-16 ensures that it is also bound. The above conditions enable the expansion of 
(/ - 71)" 1 into Neumann series as (Meyer, 2000)
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10-22
<=o
The sufficient condition for 10-22 to converge is |7j<1.0 (Jiang, Gao, & Wu, 1978). Let's 
take ||7l| = ||7l then
71 = max
j
<max —
10-23
As nothing in the bracket of 10-23 is less than zero, it is not necessary to take absolute value. 
The summation in the bracket is over all elements that receiving radiant energy emitted from 
element j. It can be expressed in a different form as
1 «—
mj i=\
1
m
1 £-. Ax
= ,=i e,/Ax
10-24
Here n is the number of cells a ray k, issued from element j, passes through along its path. 
Defining Ax = crscaAs therefore crscasr ~ /Ax. According to geometric series theory
~nAx
Therefore
Ax , Ax 1.21 —— + — Ax 
2 12
10-25
The condition for 10-22 to converge has become
, Ax 1.21- — + — Ax 
2 12
<1
or
0.0 < Ax < 6.0 10-26
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On surfaces, condition 10-26 becomes <j < 6.0 which is guaranteed. For participating media, 
condition 10-26 imposes a restriction on cell size Az of
Az<—— 10-27
It can be easily satisfied most of the time.
For a(nx«x«)cube, the cost of the algorithm would be O(mn4 ) where m is the average
number of rays issued from each point. Comparing with O(n7 ) for the zonal method, it is a very 
efficient method if the number of cells passed by a ray is assumed to be the same order as n.
There is no formal cost estimation for photon-map method. Due to its global adaptive nature, 
the cost varies considerably from case to case. Assuming that in the above cube, smoke 
concentration fluctuate due to eddies that have the same length scale as the cell size, in order to 
map such heterogeneous field, photon-map needs no less spatial point than the number of 
vertices in the current method. As 3D photon-map is global and unstructured, all operations 
must also be global therefore quite expensive. With the current method, once the mesh is 
created, almost all operations are local. The Cartesian nature of the structured mesh further 
reduces the complexity of the operations. Photon-map is not designed and therefore unsuitable 
for continuous heterogeneous field.
10.7 Rendering and the virtual camera
As has been explained in Figure 9-1, in principle image can be generated in the shading pass but 
the resolution of the image would require far too many rays to be introduced than necessary to 
get good image resolution, hi the rendering pass, rays are introduced from the image surface and 
tracked back toward the scene. Once a ray hits a non-specula surface, path integration is carried 
out on the way back.
A virtual camera is a numerical model for image generation. The simplest and most popular 
model used in 3D computer graphics is the pinhole camera (Foley, Dam, Feiner, & Hughes, 
1990). hi a pinhole camera, light passes a small "pinhole" of an opaque plate then forms the 
image on a parallel plane as shown in Figure 10-12
Mathematically, the image of a pinhole camera is the result of a perspective projection 
transformation as shown in Figure 10-13.
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Figure 10-12 A pinhole camera
Figure 10-13 Perspective projection
The transformation can be expressed as (Foley, Dam, Feiner, & Hughes, 1990)
V
/
z'
w
"1000"
0100
0010
0 0 l/d 0
X
y
z
1 10-28
Although widely used in computer graphics, pinhole camera is optically inefficient therefore 
rarely used in practice. Most optical devices utilise lens to collect more light therefore enhance 
image quality. A lens can generate the image of a point from all light passing its surface instead 
of just that passing a pinhole as in Figure 10-14
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Figure 10-14 The image of a point formed with lens 
In the current study, the virtual camera is a model of the lens system.
10.7.1 Model requirements
A real optical system such as the camera to be modelled here often contains more than one 
group of lenses as shown in Figure 10-15 (WITZ, 2008).
Figure 10-15
Although the thick lens model that covers the complete lens structure exists (Kolb, Mitchell, & 
Hanrahan, 1995), it is impractical in most cases since the structure of lenses for most 
commercial systems are not available. As being mentioned before, a pinhole model can generate 
the image and simple to implement but it can't simulate the effect of lenses on the light intensity 
of an image. In many computer graphics application, it is more important to get the depth of 
field of a camera than the true light intensity. Potmesil proposed a method that extends the 
pinhole model. He assumed that the diameter of the circle of confusion equals to 1/10000 of the 
object distance from the lens. Therefore the depth of field is determined when the diameter of 
the circle of confusion is equal to the dimension of the pixel. Potmesil first generated the image 
with pinhole camera model and then applied the circle of confusion to the image in a post­ 
processing stage (Potmesil & Indranil, 1981). Cook (1984) simulated the depth of field and 
circle of confusion directly with his fixed focal length thin lens model in the rendering pass.
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hi the current study, a new abstract camera model is introduced that satisfies the following 
requirements:
1. The model yields the real light intensity of the image.
2. The lens is a variable focal length zoom.
3. The lens has finite aperture.
4. As an abstract model, no lens characteristics that relates to the material and 
manufacturing process such as aberration would be modelled.
The parameters given as model input are
1. Focal length.
2. Target plane (the object plane being focused on).
3. Focal plane (image plane).
4. Camera aperture.
5. Lens efficiency.
10.7.2 Lens model
Figure 10-16 depicts the thin lens model in the current study. Unlike Cook's model (Cook, 
Porter, & Carpenter, 1984), here the lens represents an optical zoom and the position of the 
principle plane o is not fixed.
image plane
target
Figure 10-16
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The position of the principle plane can be determined by Gaussian lens formula (Blaker & 
Rosenblum, 1993). Once the camera position (image plane) and the position of the target plane 
are given the position of the principle plane would be calculated with
10-29
The solution of 10-29 is
s =
10-30
Equation set 10-30 offers real solution for 5 and s' under the condition
As the Guassian lens formula is based on a coordinate system originated at point o, s ands'have 
opposite signs.
The second set solution of equation 10-29 does not generate real image.
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10.7.3 Depth of field
When an object is not in the target plane, light from a point on the object will form a circular 
area on the image plane instead of a point as shown in Figure 10-17. This circular area is called 
the circle of confusion.
image plane
(a)
image plane
(b)
Figure 10-17 Image of out-of-focus point
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Denoting the diameter of the circle of confusion asd' then d' can be determined by
z s 10-31
where D is the diameter of the aperture and z is the distance of the object from the principle 
plane. The depth of field (dof) would be s - z when d' equals to the pixel dimension Ax of the 
image sensor:
dof = Axs
D-±Ax 
s
where the (+) sign corresponds to the case of s>z (Figure 10-17 (a)) and the (-) sign corresponds 
to the case of s<z (Figure 10-17 (b)).
In rendering pass, a number of rays are issued from each pixel toward the aperture and 
subsequently tracked through the scene. The result irradiance from each ray is equally 
distributed within the circle of confusion 1 .
(a) Target plane is 4.2m from lens (in focus)
(b) Target plane is 5.0m from lens
1 The real distribution of irradiance within the circle of confusion depends on the BRDF at the original 
surface point as well as the characteristic of the lens. Uniform distribution is an assumption used in the 
current study.
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(a) Target plane is 7.0m from lens
(b) Target plane is 10.0m from lens 
Figure 10-18 Simulated (left) and photographic (right) image focusing
Figure 10-18 shows the comparison between the simulated results (on the left) and the 
photographs from Canon 10E digital camera (on the right). The simulation has reproduced the 
out-focusing effect of the camera.
10.7.4 Pixel irradiance
As shown in Figure 10-16, the total radiant energy falls on a pixel of the image sensor (pj is 
equal to the energy transmitted within the cone formed by the surface of the lens and point p on 
the target plane:
\LpdcodA 10-32
where A ^,. are the pixel and lens surface area respectively, dco is defined between the
lens surface and point/? as in Figure 10-19
lens
Figure 10-19
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Since the size of each pixel is very small, the light falling on it can be treated as uniform, 
therefore
Performing Monte Carlo integration on the surface of the lens gives
— 4 f p ^^ — A ^ \~xel ~ pixel } ———^—— = APM~2-E xe pxe 2 p * N *-* * *
10-33
pi l ix l i * S (\l A \
/=! Si\ll Alens)
The summation is over the surface of the lens and s, is the length of the ray issued from the 
sample location /' and in the direction of point p. n i is the surface normal at the same location. 
The radiance L, is the result of path integration for the issued ray as given in the next section.
In the rendering pass, there would be N rays tracked from each pixel point p' toward p on the 
target plane (Figure 10-16). It should be mentioned here that/? is a virtual point. Rays tracked 
toward it may be intercepted by other object in the scene or pass it till hit an opaque surface.
10.7.5 Gouraud shading
Figure 10-20 Surface interpolation inside a triangle
When the ray hit a surface element AA , surface radiance is interpolated from that defined on the 
nodes as
L =
10-34
where Aa, is the area of the sub-triangle / of A^4 (Figure 10-20) and L, is given by equation 10-8. 
L is carried by the ray on its way back toward pixel point p' . Since the surface normal is also
defined on the nodes of the triangle, the surface normal atp is given by
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where B is a 3x3 matrix with ni as its ith column.
10.7.6 Path integration
Once the ray has hit a surface at point p and picked up the surface radiance, path integration 
starts from point p as
1MJ
where p" is the intersection of the ray with the lens of the camera. N is the number of volume 
cells that the ray has passed on its way toward the camera lens. A/w . represents the extinction 
of radiance in volume cell /. Similar to equation 10-14, A/w ; is determined by
Ar,>0.1 
Ar <0.1
Here Ar; =oAs, .
10.8 Summary
A new image based numerical model for the visibility in smoke laden environment has been 
proposed in this chapter. The model took the advantages of the traditional zonal model and 
Monte Carlo ray tracing model. Combined with highly adaptive octree mesh, the model can 
build the field of irradiance very efficiently. The built irradiance field has been reused in image 
generation using back tracking technique that can offer image of any resolution. The unique 
virtual zoom camera has been built on sound optical principle and generated synthetic images 
that are comparable with photograph from commercial digital camera. In the next chapter, the 
high quality synthetic images produced with this model will be used in the simulation of 
experimental data presented in Chapter 8.
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Chapter 11. Model verification and validation
A new model for numerical simulation of visibility in smoke has been proposed in Chapter 10. 
Its strength, characteristics of convergence as well as cost of computing were also analysed. In 
the current chapter, the model will be verified first against a known theoretical solution and then 
validated with the experimental data presented in Chapter 8. By comparing the prediction with 
the experimental data, it will reveal the accuracy of the model and point out possible future 
improvement.
11.1 Model verification with point light source
hi a foggy night, a street lamp produces the scattering pattern as shown in Figure 11-1
Figure 11-1 A street lamp in a foggy night
Such a scattering pattern can be idealised as a point light source emerged in a homogenous, 
isotropic and non-absorbing medium. Further simplification is that the light source itself is 
monochromatic (not necessary) and also isotropic: the intensity from the light source is the 
same in all direction. Mathematically, it is a one dimension problem in which the radiance of 
the scattered light only depends on the distance from the light source but the result is 3 
dimensional and point symmetric. Radiant energy balance means that the total radiant energy 
flux over the surface of an enclosure surrounding the light source would be equal to the power
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of the light source emission. For a sphere surface centred at the point of the light source, the 
total energy flux through the surface can be expressed as (see equations 2-9 and 2-10)
O= Ldaxls = 4tc 2R2L 11-1
where <D is the power emission of the light source and R is the radius of the sphere.
This particular case has been chosen in the current study to verify the current numerical model 
and see how the one dimensional, point symmetrical and non-stochastic solution can be 
obtained with the full 5D (3 spatial and 2 angular), stochastic and finite volume algorithm.
The computational domain is a 2x2x2m3 cubic filled with isotropic medium with scattering 
coefficient 1.0 and zero absorption. The cubic has no wall or, put it in another way, the surfaces 
of the domain are non-reflective. The point light source is located at the very centre of the cubic 
with radiant power output of 47t2Watt. The domain is covered with 3D Cartesian mesh. Monte 
Carlo rays are introduced from each mesh element with random direction that satisfies uniform 
distribution over entire 4?! space. Light is 100% scattered at each point. The radiance of the 
scattered light L(x, y, z) is a 3D field. Its value on the surface of any sphere centred at the point 
of light source is given by equation 11-1. For R=1.0, L(R)=1.0. Figure 11-2 shows how the 
radiance field was formed and converged during numerical iteration. In these graphs, the colour 
spectrum has been set so that any value larger or equal to 1.0 would be red. As the solution 
converges starting from iteration 10, the radius of the red sphere is stabilised at 1.0 and its 
surface becomes smoother although there are still small oscillations showing the stochastic 
nature of the solution. The surface is shown more clearly in Figure 11-3 when the range of the 
contour colour band is narrowed to 0.01.
Figure 11-4 shows the change of radiance of the scattered light along a radius of the sphere. The 
symbols are from the model prediction and the curve represents function L(R) as given in 
equation 11-1. The model prediction has closely followed the theoretical result. The rapid 
change of light scattering in the region of R<1.0 produces the visual effect of solid white circle 
surrounded by thin veil as in Figure 11-1. The pattern is similar in the prediction as shown in 
Figure 11-2 at iteration 20.
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-I.t -t.
Iteration 1 Iteration 3
Iteration 5 Iteration 10
Iteration 15 Iteration 20
Figure 11-2 Radiance distribution of a point light source
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Figure 11-3 Radiance distribution of a point light source with narrow contour colour band
1
0
O Prediction
- Power (Theoretical 
curve)
0.5 i u
Distance from the centre
Figure 11-4 Predicted radiance of scattering along a radius of sphere
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11.2 Visibility in numerical simulation
Visibility defined in section 3.5 takes a different form for synthetic image from that for the 
photographic image as in section 7.2. It is not necessary to introduce exposure in the numerical 
solution and there is no need to carry out camera correction. In expanding expression 7-2 
the normalised brightness of the synthetic image is given by
P
*,AD
<t>m
11-2
where <j) is the energy flux falls on a pixel and en is the energy of a photon at the given 
wavelength as in section 2.1. The reason to convert </>mea into photon count is to make the
result comparable with that obtained by 7-3 in the experiment since the pixel value in a digital 
photographic image is proportional to the photon count falls on the pixel during exposure 
(Dennis, 1986) and c, is the proportional constant. A value of 1.5 is used in the current study.
11.3 Boundary conditions
The emission of the light source has been measured in section 5.5 for red and green light at 
power level 2 and 3. The emission under the other conditions in Table 11-1 are extrapolated 
from that in Table 5-1 with the help of the energy spectrum shown in Figure 5-3. It should be 
point out that, in Figure 5-3 the area ratio represents the ratio of photon counts but in Table 11-1, 
the numbers are power emission.
Colour
Power level 1
Power level 2
Power level 3
Red
1.3
0.65
0.31
Green
1.96
0.98
0.37
Blue
3.7
1.85
1.05
Table 11-1 Power emission of light sources (W/sr*m2)
The smoke tunnel is made with aluminium panels. The reflectance of machine polished 
aluminium is generally above 0.9 when illuminated with visible light (Bartl & Branek, 2004). hi 
the current study, the panels are exposed in air and there is no special surface treatment 
therefore the reflectance of 0.8 has been used in the prediction. The tunnel at the camera end is 
sealed with glass and covered by black sugar paper. It is assumed that the reflectance for both 
the paper and the glass are negligible. None reflective boundary condition has been set at this 
end of the runnel.
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11.4 Other assumptions
In comparing the model prediction with experimental data, it is assumed that the misty smoke 
used in the current experiment is both homogeneous and optically isotropic. The homogeneous 
assumption is justifiable. Particular attention has been paid during the experiment to keep the 
smoke distribution in the tunnel uniform with the two ventilators (section 5.4).
A common approximation of light scattering pattern is the Henyey-Greenstein phase function 
(Tuchin, 2007):
p = - 1 11-3
where 6 is the angle of scattering from the direction of the incident light and g is a parameter 
that determines the pattern of scattering as shown in Figure 11-5. On the left of Figure 11-5, 
g=0. The scattering is isotropic. On the right hand side of Figure 11-5, scattering pattern 
changes from extreme back scattering to extreme forward scattering corresponding to different 
value of g in equation 11-3.
a-o
Figure 11-5 Henyey-Greenstein phase function
What needs to be mentioned here is that the pattern shown in Figure 11-5 is for scattering of a 
single incident light beam: a single light beam hitting an isolated medium particle. In practice, 
particularly with media of high albedo, multiple incident lights may come from different 
direction due to surface reflection and scattering by other particles of the medium. The output
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from this kind of scattering pattern is likely to be more angularly uniform than that in single 
scattering as illustrated in Figure 11-6.
Figure 11-6 Scattering of multiple incident light
Isotropic scattering assumption is introduced here as the first order approximation to the current 
problem. It would be the main area for improvement in the future. What is worth mentioning 
here is that the model simplification as the result of this assumption has significantly reduced 
the computational cost.
Further assumption has been introduced about the optical property of the mist namely its 
extinction coefficients. Since the mist is highly reflective and transparent, it is assumed that its 
absorption to visible light can be neglected therefore its extinction coefficient is equal to its 
scattering coefficient. It implies that light transport through the mist would be lossless.
The estimation of the scattering coefficient is based on the measurement of optical depth with 
low power red laser (A.=653nm) as described in section 5.4. The value of the scattering 
coefficient in this case is the same as the optical density of the smoke given by expression 9-20.
The limitation of the single colour (red) laser measurement means that our comparison between 
the prediction and experimental data would be most significant on the red signs. When 
comparing results for the cases with green and blue sign, the optical depth quoted should be 
treated as a reference to smoke condition.
11.5 Visibility of barcodes
Prediction has been made against the barcodes measurements under various conditions. The 
complete set of results is given in Appendix F. Comparing to the experimental data, the 
accuracy of the prediction varies. Part of the inaccuracy is from the numerical model such as the 
assumption of isotropic scattering. Other causes include the inaccurate estimation of boundary 
conditions and physical parameters such as the power of the light source and the extinction 
coefficients.
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11.5.1 Red barcodes with aspect ratio 2:1
Figure 11-7 shows the comparison between the measured and simulated visibility for barcode of 
2:1 illuminated with red light. Good agreement between the prediction and the measurement has 
been achieved when the luminance of the sign is the highest. As the luminance decreases, the 
discrepancy between the prediction and the measurement increases. The reason for the 
discrepancy is not clear at this stage.
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Figure 11 -7 Red barcode with aspect ratio 2:1
11.5.2 Red barcodes with aspect ratio 1.5:1
Similar to the last section, the visibility of the barcodes is under predicted in the case of low 
power signs as shown in Figure 11-8. The excellent agreement between the prediction and the 
measurement in the case of power level 1 is not surprising since the coefficient c^ in expression
11-2 is calibrated against this case.
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Figure 11-8 Red barcode with aspect ratio 1.5:1
Figure 11-9 shows the comparison of synthetic (left) and photographic (right) images at power 
level 2 and low smoke concentration. It can be seen that the synthetic image is softer than the 
photograph. In fact, the true visual effect seen during the experiment was closer to the synthetic 
image. The sharper image of the photograph may be due to the step change of the integer colour 
data. In the synthetic image, colours are represented with floating point number therefore 
changes are continuous.
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Figure 11-9 The synthetic (L) and photographic (R) images at low smoke concentration
11.5.3 Red barcodes with low aspect ratio
Figure 11-10 and Figure 11-11 show the comparison between the prediction and experimental 
data for red barcodes of aspect ratio 1:1 and 1:0.5 respectively. In these cases, the largest 
discrepancy appears at power level 1 and visibility is over predicted. The unexpected over 
prediction might be caused by the combination of the uncertainty of input light power as in 
Table 11-1 and the non-uniformity of the light source as can be seen in Figure 7-2.
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Figure 11-10 Red barcode with aspect ratio 1:1
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Figure 11-11 Red barcode with aspect ratio 1:0.5
11.5.4 Visibility of barcodes with green and blue colour
As mentioned in the introduction of the current chapter, the measurement of extinction 
coefficient in the current study was limited to the red colour with wavelength 653nm. With this 
point in mind all optical depth quoted in this thesis should be read as "optical depth of red light". 
For colour other than red, the optical depth quoted should be treated only as a reference to the 
smoke condition. It does not necessarily reflect extinction coefficient that is often a function of 
wavelength (see section 2.8).
As can be seen in Appendix F, visibility is often over predicted in the cases of green and blue 
barcodes. It is considered that the extinction coefficients used in these cases are the same as that
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for the red barcodes which could be different from their real value. Figure 2-9 shows the spectra 
variation of extinction coefficient for fire smoke. Within the visible range of wavelength (x=03 
to 0.6), it is likely that the extinction coefficient will increase when wavelength moves from red 
to blue. Although Figure 2-9 is for soot, it is expected that the scattering coefficient of mist 
could follow similar spectra change. A commonly known evidence can be seen in rainbow. If 
this is true, then it is possible that the problem here is not over prediction but under estimation 
of the measured value.
In order to see if this is the case, a powerful green laser was employed in the case of green 
barcodes with aspect ratio of 1.5:1 to measure optical depth directly and the result is shown in 
Figure 11-12. It can be seen that the predicted visibility becomes much closer to the 
measurement.
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Figure 11-12 The visibility of green barcodes (1.5:1)
11.6 The influence of ambient light
Figure 11-13 and Figure 11-14 show the comparison of the predicted visibility with 
experimental data when the ceiling light near the camera is switch on. There is no direct 
measurement of radiance for the ceiling light. Its value is estimated to be the same as the light 
source of the sign. The agreement between the prediction and the experimental data is generally 
good. In low scattering case (barcodes 1.5:1, power level 1), visibility is over predicted. On the 
other hand, in high scattering case (barcode 1:0.5, Power level 2), visibility is under predicted. 
Only red sign with red ceiling light has been compared as this is the experimental data 
containing minimum uncertainty.
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11.7 The assumption of isotropic scattering
As a first order approach, the current simulation model made an assumption that light scattering 
by the mist smoke is isotropic. It is the author's belief that this assumption is the main 
contributor of discrepancy between the model prediction and laboratory measurement.
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Table 11-2 shows how the relative quality of model prediction changes as given in section 11.5
Category
Barcode
Luminace level
Measured 
visibility (i=4)
Prediction
Bulky barcode
2:01
1
0.06
good
2
0.05
under
3
0.03
under
1.5:1
1
0.06
good
2
0.04
under
3
0.022
under
Category
Barcode
Luminace level
Measured 
visibility (i=4)
Prediction
Thin barcode
1:01
1
0.04
over
2
0.04
good
3
0.025
good
01:00.5
1
0.04
over
2
0.035
good
3
0.04
good
Table 11-2
There is a general trend from over prediction to under prediction when the luminance of the sign 
goes from high to low.
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Figure 11-15 Contrast ratio of red barcode (1.5:1) with different power level
It needs to be mentioned that the illuminated sign is the only light source in this case. Therefore 
only the light from the sign will be scattered. Figure 11-15 shows the contrast ratio as defined 
by expression 7-1 with 3 different power levels for red barcode of 1.5:1. It can be seen that
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when smoke concentration is high, the contrast ratio increases as the luminance of the sign 
decreases. In other words, the relative light scattering decreases with the luminance of the sign. 
This is contrary to the assumed isotropic scattering process. In isotropic scattering, the intensity 
of the scattered light is the same in all direction therefore it is proportional to the incident light 
(Figure 1 l-16(b)). In the case of anisotropic scattering it would be possible that the change of 
luminance is accompanied by the change of scattering pattern as shown in Figure 11-16(a)
high liminance low lim
inance
(a) Anisotropic scattering
(b) Isotropic scattering 
Figure 11-16 Scattering pattern
Such change will result in the disproportional change of visibility when the luminance of the 
sign changes.
Taking the case of red barcode 1.5:1 as example, at power level 1, the prediction agrees with the 
measurement data. As the luminance of the sign decreases, the predicted scattering decreases in 
proportion but the measured scattering decreases more (see Figure 11-15 and equation 7-1). It 
leads to the under prediction of visibility.
11.8 Floor map of visibility (FMV)
So far the study has been concerned with visibility of a specific target from a given view point. 
Judgement of fire safety performance for a building design requires the assessment of overall 
visibility across the building, hi the current study, a floor map of visibility (FMV) has been 
proposed that gives a global and concise picture of visibility for a design under smoke condition.
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FMV is defined as a snapshot of two dimensional plane contours at certain vertical level (eye 
level) that maps out the probability of wayfmding at each location in a structure. It shows the 
best visibility of all emergency signs viewed from the given location. The visibility is measured 
with the synthetic images generated from the simulation model. To demonstrate the concept, a 
hypothetical fire scenario is presented here.
Figure 11-17 Floor plan and the fire site
hi this scenario, fire started in the centre of a dancing hall. The dimension of the hall is 
55x35x5m3 . There are two doors on each side of the hall. Above each door there is an internally 
illuminated emergency exit sign. The fire size is 1MW. Figure 11-17 shows the floor plan of the 
hall and the fire site. Figure 11-18 is the internal of the empty hall before the start of fire.
The smoke distribution in the hall had been simulated with FDS from NIST (McGrattan, 
Hostikka, & Floyd, 2009). After 3 minutes, the hall has been filled with smoke as shown in 
Figure 11-19. The same result has also been shown with FDS-SmokeView as in Figure 9-2. hi 
terms of smoke opacity, Figure 11-19 and Figure 9-2 are comparable.
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Figure 11-18 The internal of the hall
Figure 11-19 The internal of the hall after 3 minutes from fire starts
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Figure 11-20 Mesh used in generating FMV
In calculating FMV, the floor is divided by a mesh of 12x8 as shown in Figure 11-20 (It is 
neither the CFD mesh nor the mesh for visibility simulation!). At each node of the mesh, images 
of all the exit signs are generated at average eye level (1.7m from the floor) and the best 
visibility is selected as the visibility of the node point. Figure 11-21 shows the created FMV 
after 3 minutes from the start of the fire. The visibility ranges from very good in the blue 
regions to very poor in the red regions. The dark red area in the centre of the map is the fire site. 
Close to the fire site, the visibility is the poorest.
Figure 11 -22 shows the smoke concentration contours at the same floor level. The blue region 
represents soot volume fraction value equal or less than 1 .Oe-08 and the red region represent the 
value equal or great than 2.5e-08. Unlike optical density, the contours of visibility shown in 
Figure 11-21 do not resemble the distribution of smoke concentration. Near the top and bottom 
walls the local smoke concentration is relatively low but the visibility is also poor. This is 
contrary to the conclusion would be drawn from local optical density or simple line of sight. 
The explanation is that in these areas the observer is too far (in terms of optical depth) from the 
doors on the left, right and opposite side and the view angles are too large for the nearest doors 
on the same side.
FMV has taken into account smoke concentration, distance between the observer and the target, 
view angle as well as the luminance of the sign.
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Figure 11-21 Floor map of visibility
lAf
Figure 11-22 Smoke concentration
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11.9 Summary
The proposed model for visibility in smoke laden environment has been verified with the 
analytical solution of an isotropic point light source. The verification has also shown that the 
simulation algorithm can fully converge to the analytical solution within 10 iterations even in a 
non-absorbing case.
Comparing with the experimental data in Chapter 8, the model prediction has been reasonably 
good. Discrepancies between the measurement and prediction come from deficiencies on both 
numerical model and experiment sides. On the modelling side, the isotropic scattering 
assumption has led to relatively large error of prediction in high scattering cases (low aspect 
ratio of barcodes or blue colour). Some uncertainties in determining the boundary conditions 
also contribute to the departure of prediction from experimental data.
The proposed floor map of visibility would be proven a useful tool assisting fire protection 
engineers in estimating overall visibility performance of a design. It is comprehensive in terms 
of the information that can be revealed (smoke density, view distance, view angle, optical 
properties of the sign etc.). At the same time it is much easier to understand than the contours of 
optical density.
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Chapter 12. Discussion and conclusion
"Extremely small margins can mean the difference between life and death in catastrophes: a few 
more meters, a few seconds less, a single wrong choice of route, just a little less smoke or 
slightly better visibility, and lives could have been saved." (Jensen G., 1994)
Today, fire safety engineers are facing the challenge of the ever rising safety standards against 
the ever expanding horizon of structural, architectural and ecological complexity. Meeting such 
challenge requires continuous research to improve our understanding of the environment 
surrounding us. The current study is a contribution to fire safety engineering research aimed at 
the better understanding of visibility in smoke environment. It is the author's wish that the 
results can eventually lead to the improvement of fire safety whatever small it might be.
12.1 Visibility in fire safety engineering
Losing visibility in building fire may lead to prolonged contact with toxic smoke and incite 
panic reaction among evacuees. It is arguably the most important indirect cause of fatality. In 
the existing building design codes, visibility is measured by the threshold visual distance that is 
inherited from meteorology and aviation industry. Such measurement of visibility largely 
ignored the context of the target object (colour, formation, light emission etc.), the relative angle 
between the target and the observer and the heterogeneity of media. These complexities do not 
exist in meteorology and aviation since they are dealing with target far from the observer (in 
kilometres) and homogeneous media under very stable conditions (the changes are measured in 
terms of minutes or even hours instead of seconds as in fire situation).
hi fire safety, visibility is about the identification of exit sign. As long as the sign is visible, the 
distance between the sign and the evacuee is unlikely to be an issue. A sign may not be far away 
from the evacuee in terms of physical distance but it may be obscured by other objects, ambient 
lights, intermittent smoke cloud etc. It may be not facing the evacuee directly or become less 
obvious among other brighter objects (typical experience in departmental store). All such 
unfavourable visibility conditions may cause delay in evacuation particularly when people are in 
panic.
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Improving visibility of an emergency sign even when it is still visible requires a measurement 
that is different from the current visual threshold. One such measurement has been proposed in 
the current study based on perceived image.
A perceived image is an image that is believed to be directly linked to the visual stimuli of 
human brain. In the current study, it has been created by applying the CIE photometric function 
to the incident image of the human eye.
The concept of image based visibility is close to its common understanding by ordinary people. 
When two images of the same object are presented, their relative visibility is judged by their 
contrast and brightness. An attempt has been made in the current study to quantify such 
judgement as a measurement of visibility. Chapter 7 and 8 described the procedure that converts 
a photograph taken with a commercial camera into a perceived image. Visibility in the image is 
measured in terms of its contrast and normalised brightness.
The measurement of visibility defined in this way does not concern with how the image was 
created and the factors that may affect it such as the distance of the target object or the media 
between the target and the eye (or camera), therefore can be applied in any circumstance.
12.2 Determination of visibility in smoke laden environment
12.2.1 Smoke concentration
Visibility in smoke laden environment depends on many factors, hi the current study, some of 
them that are believed to be influential were tested in the smoke tunnel.
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Figure 12-1 Red barcode (1:1) at power level 1
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First of all, how visibility is affected by smoke concentration is our subject here and all the 
discussion in this thesis is around it. In the current study, smoke concentration is represented by 
its optical depth that is the product of the extinction coefficient of smoke and the distance over 
which the visibility is measured. It is the integrated optical characteristics of smoke over a 
particular line of sight. Its effect on radiation transport is determined by the Lambert-Beer's law 
in Chapter 2. As already known, the current definition of visibility is only based on 
photographical image and has no link with radiation transport theory. However Lambert-Beer's 
law is still satisfied in the results of the current experiment as shown in Figure 12-1. It is a proof 
that the new measurement of visibility does reflect the physical reality.
12.2.2 Luminance of the sign
According to the Handbook of Fire Protection Engineering by SFPE (2008), visibility is 
independent of the luminance of the emergency sign. Some researchers have shown the contrary 
and recommended the increase of the brightness of signs (Rea, Clark, & Ouellette, 1985). 
Experiments have been carried in the current study under three different luminance level and 
various colour and smoke conditions. Based on the results, the author has concluded that when 
the smoke concentration is low relative to the visual threshold, the visibility of the sign will 
improve as the luminance of the sign increases. As the smoke concentration increases toward 
the visual threshold, the effect of increasing luminance on the visibility of a sign diminishes 
therefore signs with different luminance will show the same visual threshold (Figure 8-6). In 
other words, both conclusions from previous researches are correct but under different 
conditions. The explanation is given in section 12.2.6.
12.2.3 Ambient light
Ambient light can reduce the visibility of a sign by increasing the brightness of the image 
background therefore decreasing the image contrast of the sign. This effect has been shown in 
Figure 8-10. When the ambient light is on, the visibility of the sign decreases rapidly and drops 
below the visual threshold before optical depth reaches 7. Although the obscured area remains 
the same but the image contrast is reduced by strong scattering of the ambient light. The current 
study has reiterated the conclusion from previous researches.
12.2.4 Colour of illumination
As the previous definition of visibility is based on Lambert-Beer's law, it can't offer any 
guidance on the use of colour in emergency sign. The current convention of using red colour for 
emergency sign in North America and green colour in Europe is largely based on the general 
knowledge of light transport (light with longer wavelength suffered from less loss during 
transmission) and the colour response of human eye. Limited research on this subject conducted 
in the US inconclusively favours red colour (Ouellette M. , 1993 and Rea, Clark, & Ouellette,
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1985). The current experimental results, after being normalised by the luminance of the sign, 
have shown that the red and green colour signs are similar in visual performance under all 
smoke conditions but the performance of the blue colour sign is consistently poorer in 
comparison.
12.2.5 Format of the legend
In general, the legend with bulky strokes has shown better visibility. An explanation based on 
the current concept of visibility is shown in Figure 12-2.
target
observe
Image intensity
fl without smoke
thin smoke
thick smoke
Figure 12-2
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Light scattering is independent of the signs. As the optical depth of the smoke increases, the 
maximum image intensity of the bulkier sign (on the left) would be less affected than that of the 
thinner sign. As the image of the sign becomes wider due to scattering, energy conservation 
requires that the maximum image intensity is reduced therefore the overall contrast ratio of the 
image to be lower comparing with the builder sign.
12.2.6 The visual threshold
For non-irritant smoke, the current experiment has confirmed that Jin's constant visual threshold 
(=8.0) (Jin T., 2008) stands in most cases except with ambient light. Same as in section 12.2.2, 
as the optical depth approaches the visual threshold, the difference seen in thin smoke 
diminishes and the sign disappears at the point of visual threshold regardless the other 
conditions.
The diminishing of sign luminance can be explained as the following. The image of a sign in 
smoke is formed by the incident light directly coming from the sign. Its intensity is proportional 
to the area that is not obscured by smoke. If the un-obscured area is not zero, the intensity of the 
direct incident light increases as the luminance of the sign increases. As the un-obscured area 
decreases, such effect also decreases. At the same time, the brightness of the background 
increases due to scattering. Once the un-obscured area becomes zero, no direct light can reach 
the image plane and the sign disappears. The visual threshold only depends on the un-obscured 
area.
12.3 Numerical modelling of visibility in smoke
This is the first quantitative direct numerical simulation of visibility in smoke. It has been made 
possible by the introduction of the image based concept of visibility so that visual stimuli can be 
estimated without the help of human field data. A number of unique features have been 
introduced in the numerical model in order to achieve the quantitative simulation based on 
synthetic image.
12.3.1 Hybrid zonal and Monte Carlo ray tracing algorithm
The zonal method in radiative heat transfer is an accurate but high cost numerical simulation 
method. It is capable of caching irradiance in 3D space, hi a two pass algorithm as implemented 
in the current study, it is an efficient way to generate solutions of global illumination. The high 
cost of the zonal method lies in the computation of view factors.
Monte Carlo simulation is another accurate method widely accepted in neutron transport, 
nuclear medicine as well as computer graphics, hi radiative heat transfer it is often referred as a
benchmark method due to its accuracy and high cost, hi computer graphic, the derived method
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of photon-mapping has been used in the simulation with participating media. Photon-mapping 
generates a 3D irradiance cache similar, in function, to that in the zonal method. The highly 
unstructured photon-map has won the method a reputation of high cost even within the Monte 
Carlo community.
Although Monte Carlo ray tracing is a high cost method as said but it is also the one most 
suitable for parallel computing. The incoherent nature of light transport means that each ray 
being traced is autonomic therefore can be processed independently.
The new method proposed by the current author combines the above two methods and removed 
the high cost computation of view factor and unstructured photon-map. The cost of the new 
method is O(mn4). Comparing with O(n7) as in the case of zonal method, the current method is 
very efficient.
12.3.2 Dynamic adaptation
An important feature of the current simulation model is its capability of dynamic adaptation. 
Both 2D(surface) and 3D(space) meshes can be adaptive to the boundary conditions as well as 
the solution during iteration. The adaptation is in the form of mesh refinement and coarsening 
according to local gradient of the radiance. Mesh adaptation is based on the data structure of 
tree. For 2D surface mesh, it is a binary tree, hi 3D space it is a Cartesian octree since Cartesian 
mesh is the most efficient one in terms of numerical operations and the octree mesh refinement 
keeps the aspect ratio of cells unchanged. Although the mesh is Cartesian in nature but the 
geometries are still adapted to its natural boundary curvature (see Figure 10-8).
As rays are issued from cached irradiance, the adaptation of the computational mesh leads to the 
adaptation of the ray tracing procedure. For the cases presented in this thesis, the number of rays 
issued at each emitting point is proportional to the local radiant power. It has made the cost of 
ray tracing more evenly distributed in space. This is a big improvement to the traditional Monte 
Carlo ray tracing method.
12.3.3 The two pass procedure
The simulation is carried out in a two pass procedure, namely shading and rendering. In the 
shading pass, the converged solution of global illumination is generated. The rendering pass 
utilises the global illumination solution and produces image from a particular viewing point. 
The procedure can efficiently generate high resolution images from many different viewpoints 
without recalculating global illumination.
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12.3.4 Virtual camera
An image is only as good as the camera that produced it. This is also true for virtual camera. 
Previous virtual cameras are almost exclusively used in computer graphics and the images 
generated are only required to be visually acceptable or "realistic", hi the current study, the 
synthetic images would be used in quantifying visibility therefore the virtual camera model 
must possesses the important features of the physical camera used in the experiment and 
reproduce the photographs from the physical camera. At the same time it should not decrease 
the accuracy of the overall algorithm. The new camera model has been built on these criteria 
and resultant synthetic images are indeed comparable to the photographs from the physical 
camera (Figure 10-18).
12.3.5 Accuracy of the model
The accuracy of the current model depends on the numerical algorithm and the physical model. 
The numerical algorithm being developed in the current study is based on the traditional zonal 
and Monte Carlo ray tracing models. Both of them are regarded as the most accurate models in 
their peer. Although there is no formal accuracy analysis, simulation of the simple point source 
solution has demonstrated that the algorithm is capable of accurately reproducing the analytical 
solution.
In physical modelling, the model has assumed that light scattering is isotropic. The model 
prediction of the smoke tunnel measurement has shown generally good agreement although 
discrepancies do exist in some cases. The analysis of the discrepancies points to the assumption 
of isotropic scattering.
12.3.6 Floor map of visibility
So far, a numerical model that is capable of generating accurate image for the measurement of 
visibility has been carefully built. What is needed is a way to interpret the simulation results and 
make it understandable to fire protection engineer. The image generated as the direct result of 
the simulation is good but it only gives the visibility at a particular viewpoint for a particular 
target. In the current study, the novel floor map of visibility (FMV) offers a comprehensive 
view of the visibility assessment of a design. The FMV is in the form of normal contours that 
clearly maps out the regions where visibility is poor.
In summary, the introduction of the image based visibility concept has significantly improved 
our understanding of the visibility of emergency sign in smoke laden environment. Application
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of this concept in experiments has led to conclusions that are either consistent with previous 
research results or compensate/offer better explanation of them. In return, the experimental 
evidence also increased our confidence in the new concept itself.
The new concept of visibility also makes it possible to simulate visibility directly instead of 
relying on limited visual threshold data. Image based visibility simulation is suitable in almost 
any situation and the results are very easy to be interpreted. It will prove to be a useful tool in 
fire safety engineering.
12.4 Future research work in this area
• A new way of measuring visibility has been introduced in the current study. It has yield 
some useful results in the cases studied which has enhanced our understanding of the 
subject. The definition of visibility used is limited to the current experiments and 
computer simulation. More general concept of image based visibility is needed to cover 
wider range of applications.
• At the moment, the perceived image has been simulated assuming that the human eye 
has focus on the area limited to the target. More physiological research is need on the 
way human eye searching and locking the pre-defined target.
• The LED light source used in the current study is simple and less expensive but its non- 
uniformity has created some uncertainties in the experimental results. More uniform and 
controllable (luminance and spectrum) light source may offer better quality data in the 
future.
• Since the optical properties of soot have been extensively studied, real fire smoke 
should be tested. It would be closer to the design environment and can also demonstrate 
the effect of light absorption on visibility.
• Anisotropic scattering algorithm should be introduced into the simulation model to 
improve its accuracy.
• The objective of creating the current computer model is to offer a useful visibility
simulation tool (VST) for fire engineers in their design verification. Therefore a graphic 
user interface would be necessary.
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Appendix A Measurement of barcode visibility
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Appendix B Visibility of different barcodes
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Appendix C Visibility of barcodes with different light power
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Appendix D Normalised visibility of barcodes with different 
colour light source
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Appendix E Effect of ambient light on the visibility of barcodes
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Appendix F Prediction of barcode visibility
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